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FOREWORD

This Final Technical Report covers all the work performed under
Contract AF33(615)-1396 from May 15, 1964 through February 12,
1969. The manuscript was released for publication by the author
in June 1969, :

This contract with Ladish Co. of Cudahy, Wiscon:in, was initiated
under Manufacturing Methods Project 38-247, "Production of Forged
Beryliium Conical Structural Shnpes." It has been accomplished
under the technical direction of Mr, George Glenn of' the Materials
Processing Branch (MATP), Manufacturing Technology Division, Air
Force Materlals Laboratory, Wright-Patterson Air Force Base,

Chio.

Mr. Arthur F. Hayes of the Ladish Co. Metallurgical Department
was the project engineer, Mr, R, P. Daykin, Assistant Vice-
President for Research and Metallurgy directed the program effort,
and Mr. Charles Burley, Jr., Director of Government Relations
Division was in charge of contract administration and Government
liaison.

This project was accomplished as part of the Alr Force Manufacturing
Methods Program, the primary objective of which is to implement,

on a tinely basis, manufacturing processes, techniques, and equip-
ment f'or use in economical production of Air Force materizls and
components. The program encompasses the following technical areas:

L

Rolling, For:«lne, FExtrudlinz, Casting, Drawing,
rowder, Metaliurgy, Composites.

Metallurgy

Propellants, “oatings, Ceramics, Graphites,
Nonmetallics.

Chemical

solid State, Materials & Special Techniques,
Thermionl. o,

Elec:ronic

Fabrication Forming, Material Removal, Joining, Components.

Suggestions concerning additional Manufacturing Methods required
on this or other subjects will be appreciated.

This Techinlcal Report has been reviewed and is approved.

/5/267(§¥?463«kn¢)
H, A OHN3ON, CHIEF

MATERIALS PROCESSING BRANCH
MANUFACTURING TECHNOLOGY DIVISION
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ABSTRACT

This manufacturing program, originally initiated for forging
beryllium jet engine blades and discs and later redirected to
beryllium cones, established an improved beryllium forging grade
and a practical forging sequence for the manufacture of cones
having height/diameter ratios greater than 1.5-to-one and nominal
yleld strength of 75 Ksi. Of the four types of beryllium selected
for evaluation during Phase I, the grade hot-pressed from minus 20
micron virgin powder reproducibly demonstrated superior forge-
abllity and mechanical properties, All grades showed higher forge-
ability at 1300-1350°F versus 1350-1450°F. Material, tooling,

and technical development for the blade forgings were transferred
to a similar, more comprehensive, beryllium engine program,

A series of cones 8-1/4-inch major diameter was produced and
evaluated during Phase III by a basic manufacturing process con-
sisting of forging a conical frustum from & hollow cylinder,
Expendable hot filler material such as graphite or brass were

used to prevent buckling and to optimize material utilization.

A different deformation processing asequence was used on each
cylindrical cone blank to produce variocus textures and a range of
mechanical property values for future selection of the most econ-
omical process capable of meeting specific requirements. Forging
defects developed during extrusion of the hollow cylinders so

that an adequate evaluation of the forming process was not possible
in Phase ITI. Tensile data showed yield strengths from 78 to 96
Ksi and ultimate strengths from 90 to 123 Ksi for circumferential
and axial test directions. Tensile elongation varied considerably,
depending upon forging sequence and testing location and directilon.

The program was modified to provide additional subscale trials

and to change configuration of the full-scale cone to more closely
approximate future requirements. These trials were directed toward
defining parameters such as the degree of restraint and evaluating
methods of maintaining geometry control. The conical frustums
formed successfully, showing that open-ended cylinders can be
formed without using forward restraint. Both graphite and brass
fillers effectively maintained wall thickness. The procedure for
manufacturing the full-scale cone entailed back-extrusion, forward-
extrusion, and forming. Rupturing occurred during both extrusion
operations and prevented progressing to the forming operation,
Additional trials should correct these technical difficulties and
enable production of forged beryllium cones in the size range of
14-inch-diameter by 48 inches high having nominal yield strength

of 75 Ksi,

This document is subject to speclal export controls and each
transmittal to forelgn governments or forelign nationals may be
made only with prior approval of the Manufacturing Technology
Division, MAT, Air Force Materials Laboratory, Wright-Patterson
Air Force Base, Onhio 45433,
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I. INTRCDUCTION

A, Program Oblective

The .original obJjective of this program was to develop and evaluate
closed-die forging and extrusion techniques for producing high-
strength beryllium forgings with optimized multidirectional
properties for application in advanced-design jet engine compressor
blades and discs. During the course of the program performance,
however, it was deemed advisable to redirect this project from
engine hardware t¢ aerospace structural applications. The need

for a more comprehensive engine program was foreseen and initiated,
using the technology, material grade, and a poriion of the tooling
developed in this program. Duplication of effort was thereby
eliminated and the opportunity was provided to investigate another
prime area of Iinterest, namely, beryllium conical forgings. This
latter ohjective was subsequently refined by redirecting the program
to conical frustums having helght/diameter ratios greater than
three-to-one.

B, Program Approach

Manufacturing technology for forged berylliium jet engine components
was to be developed during this program using the followlng sequence:

1. Select the optimum grade of beryllium which could be
produced in commercial quantitles,.

2. Forge the beryllium billlets in a manner which was
designed to enhance the mechanlical properties,

3. PForge to refine the contour.

4, Demonstrate reproducibllity of the entire manufacturing
process.

The objective of Phase I was to select and establlsh a grade of
vacuum-hot-pressed beryllium which demonstrates the best capabili-
tiles for fulfiliing the goals of this program. Activity included
evaluation of four types of beryllium material and selection of
the most satisfactory grade for use in subgequent phases. High-
strength, fine-grained beryllium is a new material designed to
meet antlclipated requirements for jet engine and aerospace struc-
tural applications. The development of new materials always
entalls direction of effort toward many different, though inter-
related, problems inciuding commerclal feasibllity of manufacture,
evaluation of material characteristics, fabricability, market
potentlial and requirements, and cost.

During our many years of experience in forging beryllium, Ladish
Co. developed famillarity with its characteristics, the problems




associated with component manufacture, application requirements,
and billet material) manufacture. The selection of the program
materials to be evaluated was based upon a logical analysis of
attributes aimed at imparting a greafter degree of reliability,
strength, and toughness to forged beryllium structures.

Brittleness can be aggravated by non-uniformity within a material.
Intermetalilice and other refractory materials are generally known
for thelr brittle behavior. Thus, the size and quantity of non-
metallic inclusions was minimized in an attempt to develop a
tougher grade of beryllium, All grades investigated were produced
from minus 20 micron powder to help reduce the size of nonmetallic
inclusions, and thereby restrict the occurrence of crack nucleation
and propagation through or aroun® an inclusion.

Wrought, fine-grained beryllium also has a history of high strength
and good tensile ductility in selected directions. In order to
improve reproducibility and reduce impurity content, two of the
beryllium grades (Types 2 and 3) were vacuum remelted beryllium
and one grade (Type 4) was vacuum meited virgin beryllium. In
addition, the minus-five-micron particle size fraction from Types

1l and 2 beryllium was eliminated to further control impurities..

It was known that the oxlde content of the fines was significantly

‘higher than that of the larger-size powder fracticns. Other im-

purities, of a type more friable than beryllium, were expected
to be present in higher quantity in the fines,

The evaluation was based upon response to forging and resultant
mechanical properties. Type 4 beryllium, which was hot-pressed
from minus 20 micron virgin powder, reproduclbly demonstrated
superlior forgeabllity and mechanical properties.

Phase IJ blade manufacture was to utilize several forging opera-
tions to work the beryllium in three directions to promote increased
strength and ductility in all direc ions. A final forgling operation
was to improve contour refinement. The finished blade for Phase

II was designed to permit extensive mechanical property testing,
and, as such, was not intended to be machined into blade hardware.
However, the degrees of reduction imparted during the various opera-
tions in Phase IX were to remalin essentially the same for blades
manufactured during Phase III, unless tests showed that a modifiled
procedure would offer greater advantages.

Experience in forging beryllium showed that significant mechanical
property improvement could be attained for dimenslional reductions
o® 60 per cent or greater. Multidirectional forging programs at
Laiish Co. indicated that a balance in crystallographlc orientation
be ween the tnree principal directions could be approached by using
decreasing degrees of reduction. Reductlons of four-to-one, three-
to-one, and 2.5-to-one were selected for blllet extrusion, upset-
forging, and blade extruslion operations, respectively. It was anti-
cipated that the blade extrusion would establish a degree of pre-
ferred orientation along the longitudinal-long transverse plans of




the airfoll section, This becomes necessary to introduce a degree
of contour refinement. The degree of preferred orientation present
was to be measured and the effects of this orlentation would be
reflected in the mechanical property data determined. Minor ad-
Justments in the reduction ratios selected could be made at that
time if engine design requirements so dictated.

During the performance of Phase II, it was necessary to redirect
this program as indicated earlier. Therefore, the program object-
ive was shifted toward develor ent of an optimum processing se-
quence for large, conical beryllium configurations for aerospace
structural application. A survey of hardware requirements was
conducted to select a gstructural part which worlu most significantly
advance the gtate-of-the-art for forged beryllium. A conical shape
was selected bzcausge 1t represented the geometry of greatest inter-
est for forged beryllium aerospace applications and one which
required substantial development., Specific emphasis was aimed at
the production of large, conical beryllium shapes possessing pro-
perties beyond those achievable through vacuum-hot-pressing of
comnerclally avallable beryllium powder.

The manufacture of such a conical beryllium forging required sub-
atantial amounts of money for input material, tooling, and forging
development effort. The risk factor was unknown because a forging
operation had not been developed to produce the final conical
confilguration, and a manufacturing sequence that would produce the
required mechanical property level had also not been developed.
The development effort was technlcally feasible because desirable
property levels had been obtained in smaller forgings of other
geometrles. Experlence showed that beryllium must be forged using
compressive restralnt to prevent cracking or rupturing. Hydro-
dynamic compressive forging techniques could be adapted to the
conical configuration when it is formed from a hollow, cylindrical
preform shape. Forming offers advantages over back-extruding the
conlcal shape directly. The high tooling pressures generated
during the back-extrusion operation are significantly reduced in
the forming operation., PFurther, back-extrusion is limited to
conical parts having s height/diameter ratio of approximately
one-to-one, due to touling limitations. Forming can far exceed
this level,

The development of a processing sequence for a large beryllium
conical shape was planned for two steps. The configuration for
the firet step was subscale tc conserve costly material., The
objectives of this portion of the program were:

1. To develop the forging parameters necessary for repro-
duclibly and reliably forming the selected conical shape;
and

2. To evaluate the effects of ten forging sequences using
different reductlons and combinatior- of forging operations
upon the metallurgical and mechanical properties of the
forged, subscale beryllium conical shape.
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On the basis of results obtained in this subscale investigation,
the most favorable forging sequence was chosen to manufacture a
full-scale beryllium conical forging. The objective of this part
of the program was to evaluate the effects of the increase in
mens upon the manufacturing methods, metallurgical, and mechanical
properties of the forged, conical beryllium configuration,
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IT. MATERIAL EVALUATION

A, Desgcription of Beryllium Material

Five elght-inch-diameter by five-inch-high beryllium billets
were vacuum-hot-pressed by The Brush Berylllum Company at
Elmore, Ohlio, using the types of powders defined below:

Type 1 -- Minus 20 micron recycle powder with the
mirus five micron fraction removed.

Type 2 -- Minus 20 micron remelt virgin powder with
the minus five micron fraction removed.

Ao w SEI WA AY 0 S MAL SCHD VK L WA

Type 3 -- Minus 20 micron remelt virgin powder.

NV

Type 4 -~ Minus 20 micron virgin powder,

The material identity, chemistry, vacuum-hot-pressing parameters,
powder size distribution, and mechanlcal properties of the vacuum-
hot-pressed block are presented in Tables I through IV. Data'in
Tables I and II were provided by The Brush Beryllium Company. 4
The overall degree of purity of the four types of beryllium 1is {
shown to be similar with the exception of beryllium oxide, BeO.

A noticeable increase 1r purity as a result of removing the minus

five micron powder fraction is demonstrated by comparing Types 2

and 3 beryllium materials in Table I. The powder size analysls

shown in Table II indicates that the Type 4 beryllium has a slight-

ly higher percentage of plus 20 micron powder particles than that

of the .other beryllium types. The mechanical properties of the
vacuum-~-hot-pressed blocks presented in Table III show relatively

good strengths and ductilities for all types investigated. Type

4 material demonstrated the most uniform strength between the two
directions tested. A decrease 1in ductility and strength in the
transverse direction exlsted for all billlets.

The five billets were inspected for soundness using dye-penetrant,
macroetch, X-ray, and ultrasonic 1lnspection technlques, and were
found to be free of flaws detectable through use of these methods.

A1l blllets were examined metallographically to determine uniformity
of structure within a billet and to compare the microstructures of
the different heats. Typlcal structures of the five heats are
shown in Figures 1 through 5 at 500X magnification using polarized
light. The specimens were then etched and re-examined at 500X
using the optical microscopu and at 1500X using the electron micro-
scope, Typlcal structures of the five heats after etching are
T shown in Figures 6 through 15. The degree of uniformity between
A | top, middle, and bottom positions 1s shown for all the heats in

E Figures 6 through 10.




TABLE I

DESCRIPTION OF BERYLLIUM BILLETS FOR MATERIALS EVALUATION

-
N O A AL s A AT O SR

Type 1 Type 2 Type 3 Type 4 Type 4
Element Heat No. | Heat Nc. | Heat No. { Heat No., { Heat No,
3362 3258 3259 3363 3364
per cent 97.1 g8.35 98.3 98.86 98.87
BﬂO per cent 3.26 2.15 2.30 1.90 1.99
per cent 0.095% 0.072 0.15 0.104 0.078
Al ppm ) * 400 550 700 350 560
Cr (ppm 70 90 160 150 140
Fe ppm 1256 1126 1070 934 950
Mg (ppm 40 110 350 30 30
Mn (ppm 81 85 70 60 56
Ni ppm 180 120 160 120 110
™ ppm 200 230 480 320 330
Ag (ppm 6 3 4 5 4
Ca (ppm <100 <85 {85 {85 <85
Co {ppmi 5 5 5 3 3
Cu ppm 140 50 90 Q0 50
Mo (ppm {20 <8 10 <8 <8
Pb (ppm <10 6 8 8 <6
Si ppm 350 280 600 120 220
Zn  (ppm <100 <55 <55 <55 <55
N ppm) 228 146 355 214 220
Pressing
%em erature 1095 1080 1100 1060 1100
°¢
Pressure ,
{psi) 2000 2000 2000 2000 2000
* ppm = parte per milllcn.




TABLE I1

POWDER PARTICLE SIZE ANALYSIS OF BERYLLIUM BILLETS FOR
MATERIALS EVALUATION

Micro-Sieve I Type 1 Type 2 Type 3 Type 4 Type 4
Size Fractlon Heat No. | Heat No. | Heat No. | Heat No. | Heat No,
(microns) || = 3362 3258 3259 | 3363 3364

(per cent){per cent){per cent)|(per cent)i(per cent)

Minus & 1? 0.4 1.1 19.2 15.5 16.8
Minus 10 4.4 31.9 60.0 55.6 52.3
Minus 15 62.5 69.4 83.3 76.5 77.8
Minus 20 91.3 91.7 96.5 89.6 89.4
Minus 25 99.1 98.0 98.7 95.9 96.4
Minus 30 100.0 98.1 99.2 98.3 98.0
Minus 35 H 100.0 98,2 99.2 99.0 98.7
Minus 40 100.0 99.4

Minus 45 100.0 99,2 100.0 99.3
Minus 60 " 100.0 99.3 99.5 100.,0 99.5
Minus 75 “ 100.0 99.4 99.6 100.0 99.6
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TABLE IV

IMPACT PROPERTIES QF AS-HOT-PRESSED BERYLLIUM BILLETS FOR

MATERIALS EVALUATION

Impact Strength {ft-1bs.)

Direction
Type Heat No. of Test Unnotched Notched
Specimen Specimen
3 =2

1 3362 Circumferential 4.8 0,19
Circumferential 8.6 0.30

Axial 1.8 0.2
Axial 1.2 0.19
2 3258 Circumferential 10.4 0.28
Circumferent.al 12.9 0.19
Axlal 3.7 0.19
Axlal 4.7 0.21
3 3259 Circumferential 10.2 0.41
. Circvmferential 11.3 0.51
h Axial b7 0.23

Axial 1.8 *
L 3363 Circumferential 10.1 0.23
Circumferential 10.5 0.21
Axial 2.1 0.21
Axlal 2.8 .30
4 3364 Circumterential 14.1 0.21
Circumferential 11.4 0.23
Axial 3.8 0.19
Axial .o 0.21

* Specimen cricked during machining.
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! FIGURE 5

MICROSTRUCTURE OF VACUUM HOT-PRESSED BERYLILIUM
Heat No. 3364, Type 4 Material, Unetched,
-Polarized Light, 500X Magnification
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PIGURE 6

MICROSTRUCTURK OF VACUUM HOT-PRESSED BERYLLIUM
Heat Mo, 3362, Type 1 Material, Etched, 500X
Magnification, Three Locations
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’ PIGURE 7
MICROSTRUCTURE OF VACUUM HOT-PRESSED BRRYLLIUM

Heat No. 3258, Type 2 Materiai, Ktched, 500X
Magnification, Three Locations
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FIGURE 8
MICROSTRUCTURE CF VACUUM HOT-PRESSED BERYLLIUM

Heat No, 3269, Type 3 Material, Etched, 500X
Magnification, Three Locations
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MICROSTRUCTURE OF VACUUM HOT-PRESSED RERYILIDM ‘
Heat No, 3362, Type 4 Material, Etched, 500X
Magnification, Three Locations
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(Refer to Figure 10)

MICROSTRUCTURE CF YACUUM H
Heat No. 3364, Top Outer D
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B. Forgeabllity Tryouts

The five beryllium billets evaluated were sectioned and machined
into test specimens as shown in Figure 16, The two-inch-diameter
by two-inch-high and the five-inch-dlameter by five-inch-high
forgeabllity samples were upset-forged as shown in the temperature
and time schedule in Table V, Variables investigated included
forging temperature, time at forging temperature, effect of billet
position, reproducibility, effect of test specimen size, and
material, Tests were conducted on &8 3000-ton hydraulic press,
which has adequate power for forging the larger-size gpecimens.
The samples were heated in an electric furnace to the required
forging temperature, held at temperature for the specifiled time,
and upset-forged to a 60 per cent reduction in height between dies
heated to 800°Ft50°. The forging dies were lubricatved with a
graphite-in-oil lubricant prior to forgling. All specimens were
stress-relieved at 1400°F for one-half hour and slow cooled in
S11-0-Cel after forging. After cooling to room temperature, the
samples were cleaned by vapor-blasting and machined to determine
the forgeabllity index. The largest possible defect-free disc

was machined from each upset specimen and inspected for rlaws
using etch and dye-penetrant techniques. The ratio of the weights
of the forged disc before and after machining determined the forge-
abllity index number,

The as-forged-and-cleaned specimens are shown in the photographs
in Figures 17, 18, and 19. The forgeability results are presented
in Table VI and are identified with the corresponding thermal
treatment. The results show that Type 4 material is reproducibly
superior to the other types tested. Only one low result (55.2°
per cent) occurred for Type 4 material. The duplicate sample
adjacent to thls position which was forged at the same femperature
attained a T4.6 per cent forgeability index rating. The differ-
ence in regults may be due to a variation in straln rate during
forging, which will be discussed later.

The upset-forged samples were tested for tensile and impact pro-
perties., Tenslle specimen dimensions were 0,125-inch-dlameter by
0.500-1inch gage length with 1/4-inch threaded ends. Unnotched
Charpy impact speclmen dimensions were the standard ten by ten by
55 millimeters. A two-millimeter-deep notch with a root radius
of 0,01C inch was machined into the nctched impact specimens.
Test results are shoun in Tables VII through XI.

Typlcal microstructures in the etched conditicn at 500X magnifica-
tion are shown in the photomicrographs in Figures 20 through 24
for samples given the one-hour~at—lEOO°F pre-forging thermal cycle,
The microstructure of the bottom forgeabllity specimen of thils
series 1s also shown at 1500X magnification using the electron
microscope,




legend: T = Top of vacuum hot pressed block.
‘ B = Bottom of vacuum hot pressed biock.

Scale: Three~-fourths

& Circumferential Charpy Specimens
4 Axial Charpy Specimens

2-inch
dla. x 2-in
high Forge-~-
abllity
Specimens

4 T

2-inch diay

5-inch dila. x 5-inch high

Forgeabllity Specimen
-inch dla.
2-inch high
Forgeability |}
Specimens

2T
2B

7 2
'2-inch dia.
x 2-inch high
Forgeablility

Specimens -

1T
1B

e ¢ s A S TR et

2 Circumferential Tensile Specimens (0.125-inch dia.)
2 Axial Tensile Specimens (0.125-inch dia.)

FIGURE 16
TEST PLAN FOR PHASE T BILLET MATERIAL EVALUATION
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FORGEABILITY SCHEDULE Q? VlRIABEES IHVE&!IGA?ED

5
s
3

T — T
Billet T Heating Time at . | -
Material | Heat ! Size Billet Tbmferature f&nperaturc :
Type No.jl (inches Position (Hours) ;
1 33622 Dia, x 2 | Bottom 1300 1.0
12 Dia, x 2 Bottom 1350 1.0
12 Dla. x 2 | Bottom 1400 1.0
12 Dla. x 2 | Top 1400 1.0
12 Dla, x 2 | Top 1400 1.0
12 Dia, x 2 Bottom 1450 1.0
12 Dia. x 2 Top 1450 0.5
12 Dia, x 2 | Top 1400 2.5
E 5 Dia. x 5 hanand 1400 100
2 335812 Dla. x 2 | Bottom 1300 1.0
12 Dia, x 2 | Bottom 1350 1.0
2 Dia, x 2 | Bottom 1400 1,0
2 Dia, x 2 | Top 1400 1.0
| 2 D1a. x 2 |. Top. 1400 1.0
2 Dia, x 2 Bottom 1450 1.0
2 Dia, x 2 | Top 1400 0.5
2 Dia, x 2 | Tep 1400 2.5
5 mao x 5 - - 1400 1.0
3 3359412 Dia, x 2 Bottom 1300 1.0
2 Dia, x 2 | Bottom 1350 1.0
2 Dia, x 2 Bottom 1400 1.0
2 Dia, x 2 | Top 1400 1.0
2 Dia, x 2 Top 1400 1.0 g
|2 Dla, x 2 | Bottom 1450 1.0
2 Dia, x 2 | Top 1400 2.5 F
2 Dia, x 2 Top 1400 2.5
5 Dia, x 5 - 1400 1.0 ?
4 3363|| 2 Dia. x 2 Bottom 1300 1.0
2 Dia, x 2 Bottom 1350 1.0 1
2 Dia, x 2 | Bottom 1400 1.0 )
2 Dia, x 2 Top 1400 1.0 i
2 Dia, x 2 | Top 1400 1.0
12 Dia, x 2 { Bottom 1450 1.0
2 Dia, x 2 | Top 1400 2.5 ;
2 Dia, x 2 | Top 1400 2.5 :
§ Dia, x 5 - 1400 1.0 1
L 3364 || 2 Dia. x 2 | Bottom 1300 1.0 i
2 Dia, x 2 | Bottom 1350 1.0 i
2 Dia, x 2 | Bottom 1400 1.0 i
2 Dia, x 2 Top 1400 1.0
2 Dia, x 2 Top 1400 1.0
2 Dia, x 2 | Bottom 1450 1.0
2 Dia, x 2 Top 1400 0.5
2 Dia. x 2 | Top 1400 2.5
5 Dla, x § - 1400 1.0
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TABLE VI

FORAEABILITY IKDEX TEST RESULTS COF BERYLLIUM BILLETS POR
MATERTIALS EVALUATION

Heating Time at€ Fergeability
Material | Heat Billet Temperature { Temperature Index
Ty Ko, i Position ?S?) {Hours ) {per cent)
e
1 Bovtom 1300 1,0 739.5
Bottom 1350 1.0 69.2
Bottom 1500 1.0 59.2
Pop 1460 1.0 66.1
Top 1400 1.0 52.6
Bot Lom 1450 1.0 37.5%
! oy 1400 0.5 67.3
Ton 1§00 2.5 66.0
o 1 DT 1400 1.0 89.¢
2 3258 Bottos 1300 1.0 65.8
Bott um 1350 1.0 67.2
Bottom 1400 1.0 57.5
Tap 1400 1.0 62.7
Bottom 1450 1.0 31.5
Top 1400 0.5 67.6
Top 1400 2.5 52.6 :
5"Dia.xb 1400 1.9 54.0 ;
3 32%9 || Bottom 1300 1.0 68.0 a
‘ Bottom 1350 1.0 79.4 K
Bottom 1400 1.0 37.9 3
Top 1400 1.0 57.2 :
Top 1400 1.0 T77.0
Bottom 1450 1.0 50.3
Top 1400 2.5 4o.4
Top 1400 2.5 47.0
5"Dia.xd 1400 1.0 50.0
i 3363 Bottom 1300 1.0 100.C
1 Bottom 1350 1.0 100.0
Bottom 1400 1.0 T1.7
Top 1400 1.0 Th.6
Top 1400 1.0 55.2
Bottom 1450 1.0 72.0
Top 1400 2.5 4.8
Top 1400 2.5 60.3
5'"Dia,. x5 1400 1.0 106.90
4 3364 Bottom 1300 1.0 100.0
Bottom 1350 1.0 100.0
Buttom 1400 1.0 84.3
To. 1400 1.0 85.4
Top 1400 1.0 78.5
Bottom 1450 1.0 *
Top 1400 0.% 89.5
Pop LLOG 2.5 80.2
HE'Dia kb LACO 1,0 100.0

* Test Invalld.
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Top Billet Position Top Billet Peosition
500X Magnification 500X Magnification

Boettom Billet Position
500X Magnificetion 1500X Magnlfication
Electron Mlicroscope

Bottom Billet Position

FIGURE 20

MICROSTRUCTURE OF THREE FORGEABILITY DISCS., Heated for one
hour at 1400°F and upset-forged to a height redvction of 60

per cent. Heat No, 3362, Type 1 Material, Quter Diameter
Location, Radial-~-Axlal Plane, Etched,
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Top Blllet Position Top Billet Position
500X Magnification 500X Magnification

Bottom Billet Position
HhOoDX Magnification 1500X Magnification
Electron Microscope

Boctom Billlet Position

FIGURE 21

MICROSTRUCTURE OF THREE FORGEABILITY DISCS, Heated for one
hour at 1400°F and upset-forged to & height reduction of 60
per cent. Heat No., 3258, Type 2 Material, OQuter Diameter
Location, Radial-Axial FPlane, Etched,
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Top Billet Position Top Billet Position i
500X Magnification 500X Magnification

o .

Bottom Billet Positio Bottom Billet Position
500X Magnifilcation 1500X Magnification
Electron Microscope

FIQURE 22

FICROSTRUCTURE OF THREE FORGEABILITY DISCS. Heated for one
hour at 140C°F and upset-forged to & height reductlon of 60
p::r cent, Heat No. 3259, Type 3 Material, Outer Diameter
Focatlon, Rallal-Axial Plane, Etched,
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Top Billet Position Top Billet Position
500X Magnifiocation 500X Magnification

Bottom Billet Position Bottom Billet Position

500X Magnification 1500X Magnification
Electron Microscope

FIGURE 23

MICROSTRUCTURE OF THREE FORGEABILITY DISCS. Heated for one
hour at 1400°F and uvpset-forged to a helght reduction of 60
per cent, Heat No., 3363, Type 4 Materiunl, Outer Diameter
Location, Radlal-Axial Plane, Etched.
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Top Billet Position
500X Magnification

Top Billet Position
500X Magnification

Bottom Billet Position
1500X Magnification
Electron Microscope

Bottom Billet Position
500X Magnification

FIQURE 24

MICROSTRUCTURE OF THREE FORGEABILITY DISCS., Heated for one
hour at 1400°F and upset-forged to a height reduction of 60
per cent, Heat No, 3364, Type 4 Material, Quter Diameter
Location, Radisl-Axial Plane, Etched.
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The wetallographic evaluation cof the vacuum-hot-pressed billet
material showed that structural differences do exist, such as
the size and appearance of grain-boundary precipitates or inclu-
sions, the degree of continuity of grain-boundary precipitates,
appesrence of stringers, etc. Types 1, 2, a.nd 3 beryllium have
& mors continuous network of grain-boundary precipitates and the
precipitate particles are larger and more distinct than those of
the Type 4 heats. The vrecipitate in the Type 4 material exists
more as & cluater rather than as a semi-continuous network., The
structure of Type 4 also has a "feathery” appearance and lacks
the "blended" characteristic of Types 1, 2, and 3.

A review of the tensile test data shows a significant, though
unexplained, corrslation with forgeability. A plot of the forge-
abllity index versus yield strength for Type 1 materlal is pre-
sented in Figure 25, which indicates a decrease in forgeability
a8 yleld strength decreases, This trend is less apparent for the
other geats of beryllium where less spread in the yleid strength
existed,

The forgeabllity results showed some lack of reproducibility for
the duplicate samples heated at 1400°F for one hour and forged,
These inconsistencles are sometimes explained by non-uniformity
in surface preparation, lubrication, die temperature, heating
temperature, etc. The inconsistencies in-question, however,
showed the yleld strength drop discussed above, Surface prepar-
ation, lubrication, and die temperature are essentially surface
considerations and could not be expected to have a significant
effect upon yield strength by themselves. Heating temperature
was carefully controlled using a separate thermocouple in a sample
block, placed in the midst of the forging specimens. Temperature
varigtion did not exceed t10°F,

Billet position 1s another possible explanation for non-uniform
results; however, the instances of greatest non-uniformity occurred
between adjacent samples, Analysis of potentlal variables must
include strain rate as a possible source of inconsistency. Samples
were forged in a unit capable ofupset-forging both the two-inch-
dlameter by two-inch-high and 'he five-inch-dlameter by five-inch-
high specimens, The plan area of the larger-size samples after
forging required use of a relatively large press and forging of
these larger samples proceeded 1n a normal maancr with a visible
decrease in straln rate toward the end of the stroke. However,

the forging rate for the two-inch-dlameter by two-inch-high speci-
mens wuas higher and subject to operator variation which may have
been significant. The smaller beryllium samples were so over-
powered that it i1s questionable whether the forging rate diminished
or was higher the moment before completion of the stroke.

It should be recognized, however, that in agplte of instances of
Inconsistency in test results between samples which should have
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produced similar forgeability ratinga, the superiority of the
Type 4 material was definitely demonstrated for both response to
forging and mechanlcal properties.

A comparison of the average overall fovgeabllity between the flve
different heats of beryllium investigated is shown in Figure 26,
The Type 4 heats show the highest forgeabilities over the othe.
grades investigated. Figure 27 compares the forgeabllity of the
various heats at different forging temperatures, The curves show
that forgeabllity decreases as forging temperature increases, and
again demonstrates the superior forgeability of Type 4 beryllium,
Subsequent forging was conducted in the 1300 to 1400°F range.

The tensile property results showed good uniformity within heats
and between heats investigated, with the exception of the yieid
strength, as discussed earlier. No definite trends were noted
by plotting tensile test results against forging temperature,
time at temperature, or billet location.

The Charpy impact test results showed a considerable lack of
uniformity. Some difficulty was experlenced during machining of
the specimens, which may have accounted for some of the scatter
in the results., Test blanks had a tendency to crack or chip
during miliing or grinding. Invalid tests were minimlzed by
eliminating those specimens which showed indications of cracks
during dye-penetrant inspection grlor to testing. Specimens

had been stress-relieved at 1400°F for one-half hour and electro-
pclished to remove 0,002 inch from all surfaces to minimlize or
remove residual stress and surface micro-cracks,
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FIVE HEATS OF BERYLLIUM USED FOR THE MATERIAL

EVALUATION
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I7I. ERGINE COMPONENT MANUFACTURE

A. Material

Two Type 4 becyllium billets 8-1/4-inch dlameter by 11-1/2 inches -
high were procured from The Brush Beryllium Company during Fhase
I for use in Phase II blade development and manufacture. Mater-. -

ial was vacuum hot pressed using minus 20 micron virgin powder
having the powder particle size distribution shown in Table XII.

TABLE XII1

BERYLLIUM POWDER MICROSIEVE ANALYSIS
LOT NO. 3543

PARTICLE SIZE (MICRONS) PERCENTAGE
Minus 5 27.2
Minus 10 65.5
Minus 15 95.4
Minus 20 98.7
Minus 25 99.5
Minus 30 99.6
Minus 35 100.,0

The hot pressing, identified as Lot No. 3543, was analyzed for
chemical composition and evaluated for tensile properties. The
results are shown in Tables XIII and XIV, The data presented
In Tables XII through XIV was furnished by The Brush Beryllium
Company,

TABLE XIII
CHEMICAL COMPOSITI'.N OF BERYLLIUM LOT NO. 3543

ELEMENT AMOUNT ELEMENT AMOUNT
Be 97.55% Ag 4 ppm
Be0 3.21% Ca <85 ppm
C 0.14% Co 7 ppm
Al 700 ppm* Cu 80 ppm
Cr 110 ppm Mo < 8 ppmn
Fe 1072 ppm Pb 6 ppm
Mg 220 ppm Si 180 ppm
Mn 108 ppm Zn <55 ppm
N1 120 ppm N 231 ppm
Ti 150 ppm

* ppm indicates parts per million.

“3
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TABLE XIV

ROOM TEMPERATURE TENSILE PROPERTIES OF BERYLLIUM
LOT NO, 3543 IN THE AS-HOT-PRESSED CONDITION,

YIELD STRENGTH  ULTIMATE
TEST DIRECTION AT 0.2 PER CENT STRENGTH ELONGATION
OFFSET (XSI) {KSI) (PER_CENT)
Longitudinal 60.0 80.8 3.0
Transverse 52.9 67.6 1.4

The two billets were inspected for soundness using ultrasonic,
dye-penetrant, X-ray, and etch test techniques. Billlets were
found to be free of defects detectable through use of these
techniques,

B. Phase II Blade Deslign and Manufacturlng Procedure

The design of the Phase II blade is shown in Figure 28. Blade
geometry was kept relatively simple to provide maximum metal
utilization for the test program. The blade thickness 1s governed
mainly by the reduction ratio selected for the final operation,
A thinner blade could be produced by increasing the extrusion
ratio with an accompanying increase of preferred orientation in
the airfoll sectlion. At this stage of development, extremes of
preferred orientation were belng avolded to provide a greater
balance of crystallographlc orientation in three directions for
a determination of the effects of this balance upon mechanical
properties,

A schematic of the manufacturing sequence 1s shown in Figure 29.

This approach was based upon experlence in multidirectionally
forging beryllium.

C. Material Transfer and Blade Manufacture

The two Phase II blade billets purchased for the manufacture of
eight test blades were transferred to Contract AF33(615)-2231
for use in Phase IIA of that program. Blades were subsequently
manufactured and reported under Contract AF33(615)~2231.
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FIGURE 28
BERYLLIUM BLADE CONFIGURATION FOR PHASE II
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IV, CONE DEFORMATION PROCESSING DEVELOPMENT

A, Background

The program redirection was initlated to satisfy potential appll-
cationg for beryllium cone forgings. Future needs had encompassed
a wide varlety of conical shapes. Ultimate uses included jet
engine and aerospace programs in size ranges up to four feet in
diameter to over 100 inches long. Substantlal quantities may be
required extending to many hundreds of pleces. Beryllium conical
frustums have been forged into relatively thick-walled configura-
tions having a height-to-diameter ratio of less than one, This
program was directed toward the production of thinner-walled cones
having a height-to-diameter ratioc greater than one., The basic
technique consists of a controlled deformation process to produce
a hollow right cylinder and converting the hollow cylinder into a
cone using forming techniques,

The two major objectives of Phase III of thils program were:

1. Investigation of forging parameters for the manufacture
of a serles of beryllium cones having various crystallo-
graphic textures to provide a range of mechanical property
values at a yleld strength leel in excess of 65 Ksi,

2. Development of techniques for forming cones with improved
material utilization.

The planned program entalled manufacture of a series of cones
using different forging sequences for developing a variety of
crystallographic structures which can be used to program the
manufacture of cones for applilications having various requirements.
The appropriate forging sequence can be selected to meet specific
mechanical property requirements of individual programs. Greatest
emphasis had been placed upon development of optimum mechanlcal
properties in two directions (axial and circumferential). It was
planned that a series of structures be developed alming toward an
optimum structure which would have high, balanced mechanical pro-
pertles in two directlons without a high degree of preferred
orientation.

The forming concept used was tailored for beryllium and is, in
part, an extension of blocking procedures used for forging beryl-
lium parts. Experience did not exist, however, for the use of
filler materials inside a holiow cylinder for forming beryllium
cones, The concept appeared particularly attractive for forming
thin-walled conical shapes. The procedure can be varied to permit
forming both open-ended and closed cylinders and has the potential
for maintalining, reducing, or increasing wall thickness during
forming. All of the posslble variations of the process were not
attempted under this program., However, sufficient background was
established to prrmlt more rapid development of specific conical
shapes for future needs,
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B, Material Procurement and Allocation

The material selected for this evaluation was Type 4 beryllium,
vacuum-hot-pressed from virgln powder ag described earlier in
thia report. This grade of beryllium reproducibly demonstrated
superior forgeablliity and mechanical propertiec in Phase I of
this Contract. Seven billets of this material were procured from
The Brush Beryllium Company to ILadish Specification BlO2B, Be-
cause of the billet quantity and varlous configurations, it was
necessary for the vendor to prepare two vacuum-hot-pressings to
fulfill the Contract material requirements. Both of these press-
ings wWere prepared from the same master powder lot, This was a
Contract requirement to minimize the material variables in the
forging blllets. The billet allocation 1s presented in Table XV,

TABLE XV
PHASE III BERYLLIUM BILLET ALLOCATION
FORGING | VENDOR
SEQUENCE I HOT-PRESSING
NO. BILLET SIZE (INCHES) IDENTITY
1 8-3/8 diameter x 4-7/16 long 1100
2 8-3/8 diameter x 5—1é>16 long 4099
3 4 diameter x 22 long 4099
4 4 diameter x 26 long 4100
5 4 RCS x 17-1/2 long 4099
6 10-3/4 diameter x 15 long 4099
g 10-3/4 diameter x 15 long 4099
10-3/4 diameter x 15 long 4099
9 9-3/8 diameter x 13 long 4100
10 9-3/8 dlameter x 13 long 4100

Forging Sequences © through 10 included a forward-extrusion opera-
tion at two reductions, which were performed on multiples for
better material utilization.

1. Material Composition and Tenslle Properties

Powder particle size distribution was specifiled as 98 per cent

minus 20 micron. The actual powder particle size distribution

1s shown in Table XVI, The powder lot chemistry, vacuum-hot-
pressed block chemistries, and tensile properties of each pressing
are presented in Tables XVII and XVIII. The data presented in
Tables XV through XVIII was furnished by The Brush Beryllium Company.

The analyses revealed that the two vacuum-~hot-pressings were very
gsimilar, The only difference was the oxlde content, which was

within the varlation of the determination method. An increase of
0.5 per cent 1In beryllium oxide content over the beryllium powder

chemistry was noted.
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TABLE XVI

P et S auaCan o 2 U L ST VRN - .

BERYLLIUM POWDER MICROSTEVE AHALYSIS

PARTICLE SIZE PERCENTAGE
{MICRONS)
Minus 5 26.3
Minus 10 71.0
Minus 15 93.0
Minus 20 g8.1
Minus 30 99,8

TABLE XVII

CHEMICAL COMPOSITION OF MASTER BERYLLIUM POWDER LOT AND
VACUUM-HOT-PRESSED BLOCK CONSOLIDATED
FROM THE POWDER

PERCENTAGES

ELEMENT MASTER POWDER | VACUUM-HOT- | VACUUM-HOT-

LOT PRESSING PRESSING

NO. 4099 NO. 4100

Beryllium 96.6 97.3 96.6
Beryllium Oxide 3.78 4,20 4,35
Carbon 0.09 0.12 0.11
Aluminum 0.03 0.03 0.03
Chromium 0.01 0.01 0.01
Iron 0.10 0.09 0.09
Magnesium 0.02 0.01 0.01
Manganese 0.01 0.01 0.01
Nickel 0.01 0.01 0.01
Titanium 0.01 0.01 0.01
Silver 0.0004 0.0004 0.0003
Calcium 0.01 0.01 0.01
Cobalt 0.0004 0.0003 0.0004
Copper 0.003 0.004 0.003
Molybdenum 0.001 0.001 0.001
Lead 0,001 * *
Silicon 0.01 0.02 0.02
Zinc C.C05 0.005 0.005

* Not reported.
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TABLE XVIII

ROOM-~TEMPERATURE TENSILE PROPERTIES OF
BERYLLIUM LOT NOS. 4099 AND 4100

0.2 PER CENT ULTIMATE

VENDOR YIELD STRENGTH | STRENGTH | ELONGATION

IDENTITY | TEST DIRECTION (ks1) (Ks1) (PER CENT)
4099 Longitudinal 54.8 72.2 1.5
4099 Transverse 58.0 79.9 3.0
4100 Longitudinal 55. 71.7 1.6
4100 Transverse 57.3 77.8 3.2

A review of beryllium material evaluated 1lndicated a marked in-
crease in oxide for the Type 4 beryllium from 1.9 in Phase I to
4,3 per cent. One material dit'ference that accounted in part
for the higher oxide concentration wa; the finer powder particle
size distribution for the Phase III material, which was 98 per
cent minus 20 micron, as compared to 298 per cent n.inus 30 micron
for the Phase I material.

2. Metallographic Surveys

A metallographic survey of each vacuum-hct-pressing was conducted
to determine material uniformity within each pressing and between
pressings. These specimens were also examined for the presence
of porosity and segregation.

Representative structures from several locations within each
vacuum~-hot-pressing are illustrated in Flgures 30 and 31. Gener-
ally, the structures for both pressings deplcted a fine, uniform
grain size without porosity or severe segregation., However, some
isclated, coarse-gralned arcas were evident in specimens from the
outer dlameter of Pressing No. 4100, indicating some powder particle
segregation, The metallographic differences appeared insignificant
and would not distort tha primary objective of this phase of the
program, which was forglng process evaluation.

3. Forgeabllity Determinations

Three samples, each two-lnch-diameter by two inches high, were
procured from each Phase III pressing for forgeability determina-
tions. The Ladish Beryllium Forgeability Test, which 1s described
in the Appendix, was performed at a forglng temperature of 1U400°F.
The results are presented in Table XIX.




s
WA

RS

rer s,

«.w,.w.m_.,.m,,,mm
e AT

oy

ST M B KRB AT G

VR IR

pe mrare A 4

Micro No. F-212 Micro No., F-213
Center-Bottom of Mid-radlus-Bottom of

Vacuum~-Hot-Pressing Vacuum-Hot-Pressing

Yicro No, F-0lk Micro No. F-215
Center-Top of Outer Diameter-Tcp of
Vacuum-Hot-Pressing Vacuum-Hot-Pressing

FIGURE 30
METALLOGRAPHIC SURVEY OF BRUSH BERYLLIUM

VACUUM-HOT-PRESSING NO. 4099
(Polarized Light -- 200X Magnification)
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Micro No. F-216 . Micro No. F-218

Center-Bottom of Outer Dlameter-Bottom of

Vacuum-Hot-Pressing Vacuum-Hot.~-Pressing
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Micro No. F-219 Micro No., F-220

Center-Top of Outer Dlameter-Top of

Vacuum-Hot~Pressing Vacuum~-Hot-Pressing
FIGURE 31

METALLOGRAPHIC SURVEY OF BRUSH BERYLLIUM
VACUUM-HOT-PRESSING NO, 4100
(Polarized Light -~ 200X Magnification)
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TABLE XIX

FORGEABILITY INDEX VALUES FOR PHASE III MATERIAL
UPSET-FORGED 60 PER CENT AT 1400°F

VACUUM~HOT-PRESSING LOCATION WITHIN THE FORGEABILITY
IDENTITY VACUUM-HOT-PRESSING INDEX
(PER CENT}
4099 Center - Top 68
409G Center - Top 66
4099 Center - Top 65
4100 Mid-radius - Top 62
4100 Mid-radius - Top 66
4100 Mid-radius - Center 62

4, Non-Destructive Inspection

Non-destructive inspection of the blllets by macrocetch, dye-
penetrant, radiographlic, and ultrasonlc techniques revealed

that four of the blllets deviated from the required levels of
cleanliness and integrity: small surface cracks were apparent

in two blllets, and radlographic inclusions beyond the Ladish
specification limlit were present 1n one of these two and in two
additional billets, Conditions such as cracking and inclusion
"elouds" have had a detrimental effect upon a material's forge-
abllity. In the past, beryllium billet failures during forging
have been assoclated with these conditions. As a result, the
blllets that revealed these conditlons were replaced with mater-
1al available from the other pressing (No., 4100), which did not
show any evidence of bands oi incluslons or cracking. The other
two billets were dlacrepant because of radiographic inclusions,
and the material vendor agreed to guarantee the forgeabllity of
these blllets against fallure assoclated wilth high-density radio-
graphic inclusions.

Density determinations conducted on those bllliets whose size was
within the limitations of the Contractor's equlipment were satils-
factory.

C. Engineering Analysis of Die Design Parameters for the
Forming Operation

Dle design parameters for forward extruding, back extruding, and
upset-forging had been established prlior £o this program. Experi-
ence wlith forming conical beryllium shapes had been limited. In
order to establlish the forming process parameters, 4 model study
was undertaken, Thls investigation conslisted of the following
four forging trials:
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1. Technlgue survey;

2. Development of a preferred preform shape;
3. Survey of beryllium forming tecnniques;
4, Beryllium forming technique verification.

1. Technique Survey

Identical cup-shaped preforms were machined from solid carbon
steel blocks for these trlals. The forglng die used is 1llus-
trated in Figure 32, The conditions investigated included carbon
steel and sand fillers, a cup-shaped preform without a filler,
and a contoured carbon steel filler. The preform shapes and the
conicai forgings produced are shown in Figure 33.

Evaluation of the trials and results showed the following:

a. The non-uniform wall, produced in cach conical forging,
was assoclated with the slug configuration.

b. The carbon steel fillers produced a significant reduction
in the extrusion wall.

¢. When no filler material was used, the wall upset, and a
much shorter conlcal shape was produced.

d. The sand filler was so compressible that the shape pro-
duced was similar to that formed without a flller material.

e, The contoured filler produced a conical shape similar to
that produced from use of a solld carbon steel filler,

2. Development of the Preform Shape

The objective of the second portion of the model study was to
obtain a more uniform wall in the conical configuration, The
cylinder shape was redesigned to lnvestigate the effects of larger
radll, different slug thicknesses, and a chamfer upon the forming
of the conical configuration. The revised preform shapes and the
conical configpurations produced are 1llustrated in Figure 34,
Filler material was not used. The preform shape with large radil
and a slug thlckness equal to the preform wall thickness produced
the mcat uniform conical forgilng,

3. Survey of Beryllium Forming Technlques

The objectives of this part of the Investigation were evaluation
of effects of different flller materlals, use of restraint on the
beryllium during forming, and elimination of wall upsetting.

Four beryllium cylinders were machined Iinto the preform shape pre-
viously developed. Two of these preforms were formed without
using filler material. The two other preforms enployed fillers

of Type 304 Stainless Steel and solid graphlite, respectlvely. A
stainless contoured cap was prepared for each of the four pleces
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FIGURE 32

SCHEMATIC OF THE FORMING DIE EMPLOYED IN THE ENGINEERING
ANALYSIS OF THE DIE DESIGN PARAMETERS FOR THE
FORMING OPERATICN
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to prevent upsetting in the cone rim, The caps were heated to
1200°F with each beryllium preform shape. One of the hollow
(unfilled) preforms was formed using back pressure in the forming
die. The die was sealed wi*h a carbon steel cap and the conical
section of the die cavity was filled with lubricant. The other
three beryllium preforms did not employ restraint. The four
cylinders and the conical beryllium forgings produced are illus-
trated in Figure 35,

Analysis of this trial is as follows:

a. The stalnless steel cap reduced the upsetting in the
open ends of the conlcal shapes.

b. The restraint technique was unsuccessful. Use of
restralnt remained to be evaluated,

¢c. The beryllium cylinder formed without use of filler
material or. restraint produced a defect-free conical
frustum. This forging did not fill the die cavity
because of the uniform upsetting in the wall during
forming.

d. The beryilium cylinder formed using graphilte iiller
material produced a forging with only slight defects on
the nese of the conical shape. The graphite was com-
pressed, but 1t still provided enough restralnt to
maintain the wall thickness of the preform without any
visille upcetting -cr-wall meductina’ <*Pums; -afr “ihcreas# ~— ® e m
in height was noted when compared to the beryllium
shapes fcrmed wlthout filler materials.

e. When the stainless steel filler was used, a reduction
in the beryllium preform wall was experlenced., The
resistance of the stalnless steel to plastic deformation
imparted during forming was greater than the resistance
of the beryllium, As a result, a vold between the beryl-
1ium and the stalnless steel was created,

4, Beryllium Forming Technique Verification

In the previous trials, the most successful technlques used either
a graphite flller or no filler at all, Dimensional control was
the problem encountered wlth both of these technlques. For both
conditions (compressible graphite filler or no filler material)

a volumetric relationship did not exist between the preform shape
and the formed conical configuration, In an attempt to verify
differences between the two techniques, the height of the berylllum
preform shapes was varied by »ne-fourth inch. The beryll: m
preforms and the configurations produced in forming are ilius-
trated in Figure 36. The cylinder formed without use of filler
material produced another sound, contcal forging. The helghts

of the two frustums produced were equal, although the heipht of
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the grapaite-filled starting preform was one~fourth inch less
than the unfilled preform,

Two additional beryllium preforms were machined. Based upon
prior forging trials, modifications were incorporated into the
forming process., The stalnless steel cap was eliminated. The
contcur of the cap was machined inte the forming punch. During
forming, the first plece falled catastrophically. The fallure
was assoclated with the hlgh pressures developed during the

press ram stroke, This conditlon was corrected and a sound
conical beryllium forging was produc:d to the anticipated dimen-
sions., This forging 1is illustrated in Flgure 37 with the preform
shape,

Based upon the results of this model study, the following para-
neters were selected for forming the subscale 8-1/4-inch-diameter
frustums;

a. A contour punch was used to eliminate upsetting in the
open end of the conical beryllium configuration.

b. A beryllium preform shape having large radii and a
slug thickness equal to the wall thickness and a graphlte
filler was selected as the most flexible and practical
procegs for forging conical beryllium configurations.

c. A beryllium forging temperature of 1200°F and a die
temperature of GO0 F minimum was initially used since
these temperatures produced satisfactory cones.
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D, Subscale Cone Development

The objective of Phase III of thls Contract was tc fabricate and
evaluate subscale conical beryllium forgings. Ten manufacturing
sequences were employed utilizing different reductions and differ-
ent combinations of forward-extrusion, upset-forging, and back-
extrusion. The ten selected sequences and reductions for each
sequence are outlined in Table XX and are shown schematically in
Figure 38. For the first five sequences, individual forging
billets were procured. However, only two billlets were procured
for the five sequences which employ a forward-extrusion operation.
The extrusions were sectioned to provide five billets which were
processed in Sequences 6 through 10, By extruding multiples
rather than individuzl blllets, typlcal extrusion losses were
reduced.

1. PForward-Extrusion Operations

The billets designated Serials  and 9 were scheduled for extru-
sion at ratlos of four-to-one and three-to-one, respectively.

The beryllium billets were encapsulated in 1/4-inch-thick carbon
steel (SAE-1010 Grade). A forging temperature of 1400°F was
selected because the Contractor's experience indlcated that, at
that temperature and at lower extrusion ratios, good work pene-
tration to the extrusion center resulted. Prlor extrusion work
at Ladish Co. showed an area of potential hazard at the butt end
of the extrusion where the normal draw, or suck-in, occurs. This
draw in beryllium acts as a nucleation site for axial cracks that
propagate the full length of the extrusion. To circumvent this
hazard, the extrusion operation was programed to prevent occur-
rence of the draw by holding back a portion of the un-extruded
metal in the dle orifice,.

The extrusion operations for the two blllets proceeded as planned,
Forging parameters were as follows:

PARAMETER SERIAL 6 SERIAL 9
Extrusion Ratlo 4 to 1 3tol
Forging Temperature 1400°F 1430°F

Time Held at Temperacure One Hour Oae Hour

Die Temperature 800°F 700°F

Forging Load 2850 Tons 1960 Tons
Finishing Temperature 1300°F 1300°F
Post-Forging Thermal Stress~relieved at 1375°F for one

Treatment nour; slow-cooled in lnsulating

material to 150°F.

Examination of the extrusions showed that the jacket material had
deformed uniformly without cracking or exposing the beryllium, The
two extrusions, shown in the photographs in Figures 39 and 40, were
defect-{ree and fulfilled the dimensional requirements.
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TABLE XX

MANUFACTURING SEQUENCES FOR PHASE III

SEQUENCE
NO. OPERATION REDUCTION
1 " Back Extrude 3.4 ¢ 1
Form
2 Back Extrude 2.5 : 1
Form
4
3 Upset 80 per cent (5:1)
Back Extrude 3.4 ¢ 1
Form
4 Upset 80 per cent (5:1)
Back Extrude 2.5 :
| Form
5 Upset 75 per cent (4:1)
Back Extrude Ao
Form
6 Forward Extrude 4y .1
Upset 60 per cent
Back Extrude 3.4 ¢+ 1
Form
7 Forward Extrude 4 .1
Upset 60 per cent
Back Extrude 2.5 ¢+ 1
Form
8 Forward Extrude 4 : 1
Upset 75 per cent
Back Extrude 3.4 ¢+ 1
Form
9 Forward Extrude 3 :1
Upset 60 per cent
Back Extrude 3.4 ¢ 1
Form
10 Forward Extrude 3 :1
Upset 75 rer cent
Back Extrude 3.4 1

Form

ol
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| FIGURE 39: BILLET SERIAL 9 EXTRUDED AT 1400°F AT A RATIO OF
3:1, JACKETING REMOVED EXCEPT FOR BUTT END,
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BILLET SERIAL 6 EXTRUDED AT 1400°F AT A RATIO OF 4:1.
JACKETING MATERIAL IS COMPLETELY REMOVED.
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Extrusion Serials 6 and 9 were subsequently sectioned to yleld
five blllets for allocation to Sequences 6 through 10, Three
billets, Serials 6, 7, and 8, were removed from Extrusion Seriai
6, while Extrusion Serial 9 ylelded thz two billets for Sequences
9 and 10, The five billets at the various lengths are 1lliustrated
in Figure 41.

2., Summary of Upset-forging Operations

The technique utilized by the Contractor in upset-forging unclad
beryllium maintains compressive restraint at the outer diameter

of the billet by using a closed die., The upset reductions are
imparted incrementally with intermediate stress-relieving cyecles.
After inspection, polishing is performed as required between upset-
forging operations to remove stress concentration conditions such
as superficial cracks, sharp corners, and rough surface areas.

The presence of these conditions in a forging billet could resuil
in complete loss of the billet because of the limited forgeablliity
and crack-propagation characterigtics of beryllium,

Three reductions were selected for evaluating upset-forging
reductionrs upon mechanical and metallurgical propertiea of the
conical configurations. The Contractor's technique for upset-
forging beryllium reguired three to six operations to produce the
selected reductions of 60, 75, and 80 per cent. A closed die

was used for the final increments of upset-reduction for five
billets to impart the required amount of reduction with maximum
material utilization. The "bulge" which normally occurs during
free upset-forging wag thereby minimized., The billets are shown
in Figure 42 for the two final upset-forging passes 1n the closed
dies. Due to a difference of geometry and reductlon relationeshalps,
Billets 8 and 10 were upset-forred between hot, flat dles without |
the need for onter-diameter restraint. Billets before and after
upset-forging are shown in Figure 43. The excess material on the
outer diameter (the bulge) of these two billets was used for
mechanical property testing at this stage of processing. The
results of the room-temperature tensile tests are shown 1in Table
XXI for two test dlrections. A balance of ductllity was developed
in each billet. The forging parameters for the upset-forging
passes are listed in Table XXII.

3. Back-Extruslion Operations

All billlets were back-extruded at one of two extrusion ratios,
i.e., 2.5-to-one or 3.4-to-one, These ratios were selected cn

the basis of the highest reduction attempted on beryllium within
the Contractor's facilities during prior programs and on the
improved materlal utilization which chould be derived from back-
extruding at higher ratios. Several hundred beryllium forglngs in
the same approxlmate size range had been successfully back-extruded
at the lower ratio., Use of the higher ratio was directen toward
the economlc manufacture of aerospace components which demand a
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FIQURE 41:

L el

BILLETS YIELDED BY EXTRUSION SERIALS 6 (SERIALS 6, 7,
AND 8 ABOVE) AND 9 (SERIALS 9 AND 10 ABOVE). PIECES
ARE MACHINED TO LENGTHS REQUIRED FOR FORGING SEQUENCES

6 THROUGH 10.
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BERYLLIUM BILLETS IDENTIFIEr WITH SERIAL NUMBERS
PRIOR TO THE RE-BLOCKING OPERATION

BILLET SERIALS IN THE AS-FORGED CONLITION AFTER
COMPLETION OF SECOND BLOCKING OPERATION

FIQGURE 42
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SERIAL NOS, 8 AND 10 IN THE AS-FORGED CONDITION AFTER
COMPLETION OF THE UPSETTING OPERATION

FIGURE 43
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thin-walled structural design. This higher ratio representéd
an extension of the technical capability for back-extruding
beryllium,

The ba.x-extrusion operation employed the hydrodynamic-compressive
restraint technique developed under Air Force Contract AF33{(600}-
36795.+ A hot, mild-steel cylinder provided the restraint neces-
sary to minimize tensile forces during extrusion. The technigue

is shown schematically in Figure 44, The punch applies force to
deform the beryllium, which, in tiirn, 1s forced against the hot
compression ring, causing the hot sfeel ring to deform into the
space between the parallel surfaces of the top and bottom dles

as indicated,

Biliet Serials 2, 4, and 7 were back-extruded at the 2,5-to-one
ratio. The forging parameters used are shown in Tables XXIII and
XXIV. Visual inspection immediately following forging revealed
superficial tears on the outer diameters of Serials 4 and 7.
Visual examination after cleaning showed the presence of defects
on both the inner and outer dlameters, The back-extrusion tears
located on the outer diameter were not deep, and were removed
during the programed machining operation. The most severe outer-
diameter rupturing occurred in Serial 4, which had a preferred
orientation of basal planes perpendicular to the direction of
metal flow during extrusion as a result of the prior upset-forging
operation, Serial 2, which received no prior forging, was free

of outer-diameter defects, The peripheral surfaces of these
billets are shown in Figure 45, All of these pleces had inner-
diameter cracks, however, The appearance of the cracks (tight,
smooth, deep, and discolored) suggested that failure occurred
after forging, but wriie the parts were still hot, These cracks
were not vlsible during hot inspection following forging because
they were masrxed by the forging lubricants employed. Cracks were
located at thi transitlion between the back-extrusion wall and the
"slug" of each plece, and traveled in a circumferential direction.
A spiral network of cracks extending the full length of the back-
extrusion was also present in Serial 4, Ultrasonic inspection
indicated *hat the crack was approximately 3/8-inch deep. The
defects are shown in Figure 46 after dye-penetrant inspection.

Examination of the back-extrusion tooling following forging re-
vealed that tr. punch was not adequately supported for the pressures
required, A lwcating dowel between the punch retainer plate and

the press ram gpacer plate had deformed due to the extremely high
forces generated from the metal's strength at reiatively low temp-
eratures. As a result, the punch was driven into the punch re-
tainer plate approximately 1/2 inch on the deepest side. This
condition caused the punch axis to be out of parallel with the
billlet axis under forging pressure, During extraction of the punch,
the punch re-aligned itself agalrst its retainer ring so that its
axls tended to be parallel to the billet axis., This, however,

1 Hayes, A, F. and Yoblln, J. A., "Beryllium Forging Program,"
Contract AF33(500)-36795 with the U.S. Air Force, WPAFB-MTL
Report ASD TR-62-7-647, Ladish Co., June 1G62
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SCHEMATIC ILLUSTRATION OF HYDRODYNAMIC RESTRAINT USED FOR
BACK-EXTRUDING BERYLLIUM CYLINDERS




TABLE XXIIY

SUMMARY OF THE BACK-EXTRUSION OPERATION

g T X

2.5 ¢ 1 3.4 5 1
FORGING PARAMETER REDUCTION REDUCTION
4&; RATIO RATIO
Billet Serials Involved 2, 4, 7 1, 3, 5,
6,78, 10
Forging Temperature (°F) 1350 1350
Time Held at
Temperature (Minutes) 120 to 130 30 to 110
Die Temperature (°F) 800 700
Forging Load (Tons) 1700 to 2250 2500 to 3400
Post-Forging Thermal 1325°F for 1325°F for
Treatment one hour one hour

Cooling Method

Furnace-cooled at a rate not to
exceed 50°F per hour to 150°F,
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SERIAL NO, 7

FICURE 45

SURFACE CONDITION OF OUTER DIAMETERS OF BILLETS BACK-EXTRUDED
‘ AT A RATIO OF 2.5 : 1




sl

SERIAL NO. 4 SERIAL NO, 7

FIGURE 46

CONDITION OF INNER DIAMETERS OF CYLINDERS AFTER
BACK-EXTRUSION AT A RATIO OF 2.5 : 1
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caused high bearing pressure alcng one side of the inver dixister :
of the extruded beryllium as the punch was withdreéwn: It is.. = -
believed that the upward force caused by the punch dragging &long. =~ -
the side of the extrusion under high pressure was sufficient V¢ -
initiate the cracking which occurreéd on the immeér dismeter, Tils
tooling problem was not detected during forging because the punch
extraction pressures re-aligned the punch prior to each back- ,
extrusion, Tooling was redesigned with a more massive suppoit
under the punch to prevent recurrence of this problem.

The remaining seven bllileta were programed for back-extruzion to
5/8-inch wall thickness at the higher ratio of 3.4-to-one, The
forging parameters and pressure requirements are listed in Tables
XXIII and XXIV referenced previously. Extrusion tears were again
observed on most of the extrusions, except on Serial 1, Wall-
thickness variation was also observed, which showed that punch-to-
pot-die alignment was not readily maintained at the higher extru-
sion ratic. Adjustments of up to 1/8 inch were required during
the run.

Examination of the back-extrusions following cleaninﬁ revealed
the following conditions, as illustrated in Figures 47 through 50:

a. Back-extrusion tears were agaln present on the outer
diameter., The same correlation of defect severity with
prior working was also evident in these back-extrusions.
The upset-forged billlets with prior grainflow perpendi-
cular to the direction of the back-extrusion operation
ruptured more severely than the vacuuwi-hot-pressed block
or forward-extruded-and-upset-forged billlets. :

b. A crack at the transition between the slug and the back-
extrusion wall develop2d on Serlal 1, The defect
traveled approxinafely one incl, and was U,100 inch deep.

c. Severe cracks developed through the wall on Serials 3,
5, 6, and 10, The crack in Serial 6 traveled about 1.5
inches from the top of the back-extrusion. The crack
length in Serial 5 was approximately 3.5 inches, Serials
3 and 10 had cracks through the back-ext. usion wall that
; traveled the full length of the back-extrusions.

Examination of the tooling after back-extrusion at this higher
ratio did not reveal any 1rregularitles. Dimensional analysils

i of the forgings indicated that the most severe cracking occurred
in the pieces exhibitin, the greatest wall-thickness variation.
The cracks through the wall were located in the area where the
extrusion wall was the thinnest. A review of the forging loa.us
reves led that Serials 3, 5, and 10 rcquired the greatest extrusion
* loads. The cracks apparently iritiated during stripping from the
punch because of the wall-thlckness variation and the increased
stripping pressures on the bery.lium for thinner-walled extruslons
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SERIAL NO, 3

FIGURE 47

CONDITION OF CYLINDERS AFTER BACK-EXTRUSION
AT A RATIO OF 3.4 1 1
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SERIAL NO, 6

FIGURE 43

CONDITION OF CYLINDERS AFTER BACK-EXTRUSION
AT A RATIO OF 3.4 11
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AT A RATIO OF 3.4 : 1
83

FIGURE 49
CONDITION OF CYLINDERS AFTER BACK-EXTRUSION
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SERIAL NO, 10

: FIGURE 50

CONDITION OF CYLINDER AFTER BACK-EXTRUSION
AT A RATIO OF 3.4 : 1
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at the 3.4-to-one ratio. The wall variation cresated an area of
wsakness. The thinner wall required use of & larger punch, and
therefore created greater surface area during stripping. The
stripping force required was therefore higher and was applied

to a smeller cross section, so that the pressure on the beryllium
was significantly higher,

&, Forming Operations

R concept was established during this program for forming conical
beryllium ¢configurations from cup-shaped preforms. Model studies
conducted on the two-inch-diameter beryllium cylinders showed

the cone-forming concept was definitely feasible and worthy of
development on a larger scale. The initial program plan called
for evaluation of the forming technique using the twe wall thick-
nesses produced durlng extrusion. However, all billets developed
ruptures of varying severity during the back-extrusion operation
as deacribed earlier in thils section. As a result, none of the
pleces could be machined to the desired geometry for the cone-
forming operation. Therefore, the condition of the cylinders
preciuded an effective evaluation of the cone-forming operation
with regard to adequacy of the die design, wall thickness, restraint
requirements, filler materials, and forming temperatures. The
defects which deveioped during back-extrusion necessitated a revised
course of action, The range of wall thicknesses was changed from
the 1/2- to 3/4-inch planned tr 5/16 to 9/16 inch. The number of
sound forming blanks was reduced from ten to five, one of which
had the bottom slug removed, Three of the defective cylinders
were used for mechanical property evaluation. The other two were
used for tooling tryouts. The extruded blanks used for the form-
ing tryouts are described in Table XXV,

Three blanks with different forging histories (Serials 2, 4, and 6)
were selected for the first tryout, Serial 6 required a carbon- -
steel, outer-diameter Jjacket to accommodate tooling fabricated

for cone forming. The length of thls plece was reduced to remove
the defective areas. The wall thicknesses of Serials 2 and 4 were
half of that programed and defects along the 1inner diameter remained
in both pleces. The purpose of the first tryout was to evaluate
tooling performance and materlal response for the newly-devised
cone-forming operation., The forming parameters are also listed

in Table XXV,

Serials 2 and 4 which had cracks remaining from back-extrusion
failed catastrophically. Serial 6 developed a severe network of
cracks orlginating at the bottom. Thege tryouts showed that the
tooling performed well and could be used effectively for subse-~
quent tryocuts,

Serial 6, which had been free of defects prior to forming and had
been formed inside a thin jacket, was sectioned into halves, One
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half-section with its steel jacket intact is shown in Figure 51l.
As noted, the Jjacket pushed ahead of the beryllium during the
forming operation zand offered little restraint to the beryllium,
The closed end of the cone blank must accommodate the internal
pressure of the graphite and the bending stresses which develop
during forming as the minor dlameter of the conical frustum 1is
shaped,

In view of this condition, 1t appeared desirable to introduce
restralnt at the bottom location to minimize the tensile stresses

§ which develop. This c¢ould be accomplished by using hot steel
Aiscs placed beneath the cylinder to be formed., The shape and

o1ze of the most approprliate disc was one of the parameterg
which required investigation,

During the evaluation of the forming tryouts, the following
variables were 1isolated as areas requiring investigation tor
this speciflc operation:

a, Wall-thickness-to-dlameter ratio;
b. Hydrostatic restraint;

¢, Filller materials;

d. Forming temperature;

e, Straln rate,

The four remaining cylindriceal blanks were formed using parameters
Judged capable of providing maximum assurance for obtalning sound
cones within the physical limitaticns of the input blanks., Wall
thicknesses were the maximum possible. However, the walls were
8till thinner than planned in most instances, and all pleces had
areas of local dressouts. A 1-1/2-inch-thick hot steel forward
support was used to provide restraint. Both graphlite and brass
filler materials were used to evaluate their abllities to minimize
wall thickening. The forming temperature was raised from 1200 to
1325°F, Although uniaxial tengile ductility is higher_at, 1200°F,
results of forming evaluations® and forming expevience-’ 4 have
shown that greater success for accommodating the complex stresses
of forming is attained at higher temperatures (1300 to 1350°F).

’ A forging rate of approximately 30 inches per minute ram travel
was used, The specific dimensions and conditions used for forming
the four blanks are shown in previously-referenced Table XXV,

N e b

The forming operation was conducted as planned and ~1l1 visible
berylliumn surfaces appeared free of defects prior to cleaning.

3 Willlams, R. F. and Ingels, S. E., The Fabrication of Berylliun
Alloys - Volume IX: "Forming Technlyues for Beryllium Alloys,"
WAZA TMX-53453, July 1966

3 Oken, S. and Dilksf
Solar Panel Spars, '
Company, August 1965

4 Barnett, F, E., Finn, J. M., and Koch, L., C., "Beryllium Struc-
tures for Aircraft," Paper No, 660666 presented at the SAE
Aeronautic & Space Engineering and Manufacturing Meeting,

Los Angeleg, California, October 3 through [, 19t6

B, H., "Structural Evaluation of Beryllium
AFFDL Technlical Report TR-65-45, The Boelng
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FIGURE 51

CONDITION OF SERIAL NO, € AFTER FORMING AND SECTIONING.
SHCWN WITH STEEL JACKET IN POSITION.
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Visusl examination following cleaning and jacket remocoval showed
thet the forming operation was generally successful, Serials 7
and 8 were free of any material defects. These two cones are
depicted in Figures 52 and 53. The forward sections of Serials

8, 1, and 9 had irregular shapes due to the influence of the
reatraint disc, This could be corrected through redesign of the
restraint and/or a separate mild forming operation. Serials 1 and
9 had cracks across the forward sections which were confined to that
location. Serial 9 had a circumferential crack which sheared off
the nose section of the cone. The sound section of this cone 1s
shown in Figure 54, Serial 1, shown in Figure 55, had several
radial cracks acrcsc ae nose, Redeslign of the nose support and
use of blanks having uniform wall thicknesses should minimize

this problem., Use of blanks having a thicker sectlion at the
closed end could also be studied. A thickenlng of approximately
1/16 inch occurred in the wall of thos2 cones which were formed
using the graphite filler. No measurable increase in thickness
occurred in those using the brass filler,

The basic cone-forming technique develcped in this program was
used successfully for prnducing both open-ended and closed conlcal
frustums, Additional effort was requlired to more adequately
define the forming parameters and to extend the technical capablil-
ity for manufacturing a wider variety of conical shapes,

E. Evaluation of Phase III Subscale Cones

l, ‘Mechanical Property Response

Three cones and three cylinders (Serials 1, 3, 5, 6, 9, and 10)
were sectlioned as shown in the outline 1in Figure 56 and tested
for room-temperature tensile properties. Two additlonal ccnes,
Serials 7 and £, were retained in th: as-formed conditlion. The
remaining two cones, Serials 2 and L, were destroyed during the
extrusion and forming operations. Only limited test material was
available from Cylinder 3 and Cone 6. Where possi. .e, sectlons
from each forging were heat treated a. 1500°F for one hour and
1750°F for one hour. Tests were performed in the as-forged and
as-heat-treated condltions. Regults are shown in Table XXVI,
Test specimen preparation techniques and the testing procedures
are described in the Appendix.

Yield and ultimate strengths exceeded 78 and 90 Ksi, respectively,

in the circumtferential and axial directions for the cone which

[ recelved the least amount of deformation (Serial 1). Higher
strengthe, exceedlry 83 Ksi yleld strength and 100 Ksl ultimate
strength, w~ere attalned for the cones whilch received greater
amounts of Jdeformatlon, Yleld strengtn decreased szignificantly

after the one ~huux 7E0°F fhermal treatment, but average yleld
strenyzth remalr2d above [0 Kol, The yleld streugihs attalned
betfore anld -i't: =23 thw oLk treatment compared well with previously
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FIGURE 52

CONE NG, 7, SHOWN IN THE AS-FORMED CONDITION,
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FIQURE 53

CONE NO, 8, SHOWN IN THE AS-FORMED CONDITION,
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- FIGURE 54

CONE NO. 9, SHOWN IN THE AS-FORMED CONDITION
WITH NOSE SECTION REMOVED.,
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FIGURE 55
CONE NO. 1, SHOWN IN THE AS~-FORMED CONDITION.
93
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TABLE Vi
ROOUM-TEMPERATURE TENSILE PROPERTIES OF FORGED BERYLLIUM
CONES AND CYLIRDERS

i
PLYDATE REDUCTION
SERIALY  FOMOIXD STRENGTS] EIONCATION! IN ARKA
), SEQEENCE {PER CENT)
58.8 2.2 2.4
One Hour | Axzted | Top 3.6 102.0 1.9 9.3
gim. Botsom %2 3 .g ;z i;
e, ht‘m . » * .
:xlnl Botttm 1.2 112.? 11.8 i:.g
z18 Bott K] a1 N s
b A Mt pa B e : —gr"‘gx 7.5
Mok-Ex¢ruded § One Nour { Axisl | Top 88,0 8.2 5.0 4.0
and Forasd Cire, Pottom B9.& 101.0 2.3 2.4
Erel el I ol O O
o 4 23
S0 ¥ - r6, R . B 2.5
Ona Hour Axia) 'mg 7.6 4,4 6.2 8.6
Sire: | Boviem | a0 %1 3 33
h N. . L . *
Axial Bottem g.a 109.2 12.6 13.2
Axinl Bottom .2 112,2 16,2 14,
Poacemaushranenny
A ERE IR
re, ° . . .
1y lbgtoa __go& 105.7 13.0 20.0 ‘
3 Upset and  Fyopevy— U p oo 1 5.3 13 LD B0
Baok-Extruded B AE L Fifte (- pRten Lo bRl —Fr T8
one Hour Qire, Bottom TZ.O 95.2 29.0 32,0
Cire. Bottom T6.0 95,6 11,9 31.0
A N R EE:
o ia . . . .
Cire, Bc‘t)tou 85,2 103,0 19.0 22,6
Ciro. Bottom 2 100.2 20.0 32,0
uni zccm %% gg.g 12.3 111.5
Axia Lo om ? o - v A
[ TS00F =1 Cire, | Top A 0.7 5.0 1 .0
| o e fowmer| el | | B | RS |
re, on . ] . .
Pack-Eatruded szm. Bottom 83.3 102.5 lg.g 1;.3
iai Lom . PR Q. ¥
‘ 1:151 ?‘;Em 31 2 g;.a i'gz,‘q ;g?
1156 , - PG, !6 * . 1 o¥
One Hour Axial ‘l\ug 9{:93'3 ggg }g.g %gg
Cire, Bottom . 3o . .
Cire, Bottom 22.9 95.3 20.0 25,0
Axial Bottos 8.0 92,4 g,e 7.8
Axizl Botton 8.8 91,9 5 9.4
Porvaid-
Cire, Bottom 0.0 98,2 1.8 2,3
6 u,?::?j‘ﬁ;xm 1325°F - | Cirs, | Bottom 2959.6 98.2 2.2 g.a
Extsecad One Hour | Axtal Bottom L4 117, 19 21.1
and Porad Axial Bastom 96,0 116, 8 9.6 20, 4%
o 1925°F - | Cire. | Top g4 111,6 26,0 27,3
wotor | gl | En | BE || gE |
e, om . o2 » v
Cirs. Bottom Bg.o 102.5 10.4 1.7
Axial Bottom 97.6 122,0 20,9 21.%
Axial Bottom 97,2 123, 4 19,2 22,
Porward- [I500°F - | Cire. | Top 75.0 o8y 5.9 16,7
fxtruded, One Hour Axial Top 71.3 94,0 2.0 €.0
9 Upset, Back- Cira, Bottom 73.! 93,4 8.4 9.4
Extraded Cira, Bottom éﬁ.z 103,60 7.8 8.7
w Fored vt el Rl B O O B
a 2 VXS 2 :
1750°F - | Circ, | Too 70,0 né-g.lz 6.9 19.0
One Mour | irer | Bor K 95,3 915 1670
ro, tom dy . . .
Circ. Botton 52.8 94,6 10,0 17.0
Axial Bottom 3.8 1154 26,0 279
Axial Bottom 83.4 119.8 4.4 15.3
1325°Y - Cire, Top 84,2 101.6 5.0 11.0
One Hour éxiul ggp gg.g §go.b Eb.g ég.?
ire, ttom . i, 5. .
Cirs, Bottoin 89,2 10‘3.?& ‘ige 20,0
Axial Bottom 89,2 102,8 18,6 19.7
s Axial Botton gglg %03,% 1:.3,0 12‘1
0¥ - Cire, Top . 15, v
Pormard- | o0 your | Axtal | Top 88.8 1¢1.8 22,4 26.1
10 g‘p:ﬁ“:“n& Ciro. | Bottoa | 91.3 102.3 17.1 1(1.!53
Axial Botton . 105.0 . 23,
Baok-Xxtruded Axial | Bottom Bg.b 1024 o in
YT ¥ - CIro, Top EYR:] BY .Y L) 6
One Hour Axial Top 69,8 92,0 .6 3.6
Cire Bottom 73,8 94,9 24,0 28.0
Circ., | Bottom 72'9 yi ) 2.0 26,0
axial | Bottom 76.9 ol 4 51,0 it 03
Axtial Bottum 16.% w7.? 19,2 20,4
T L - -~

® Cilroumferentiai. ‘
e* Teat specimen fractured into thrse pleces; ductility mensursments were not possible,

. at,
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‘

: The back-extrusion operation imparted the highest yield strength
in the axial direction, which was the direction of metal flow.
Upset-forging imparted high yield strength in the circumierential
disection. The influence of upset-forging is evident when com-
paring properties of Forging 1 with Forging 5, Circumferential
yield strength is highest for Forging 5, whereas the reverse is

¢ true of Forging 1.

Elongatlion varied considerably depending upon the testing direction,
forging sequence, and location, Cones produced by back-extruding
and forming had limited tensile elongation (two to three per cent)
in the circumferential direction and good elongation {eight to

12 per cent) in the axial direction. Cones produced by the upset/
back-extrude/form procedure hag good overall elongation in the
axlal and circumferential directions. The limited data avallable
from Serial 3, which was upset 80 per cent and back-extruded at a
3.4-tc-one ratio, showed elongation ranging from 14 tc 25 per cent
for the as~forged condition. The more complex forging sequences
involving forward-extrusion, upset-forging, and back-extiusion
operations showed consistently high elongation in the range of

ten to 25 per cent at the bottom location for the two directions
measured. Elongation values at the top location were not as
balanced between the two directions, nor consistent with values

at the bottom location,

It 1s, 1n fact, Ilnteresting to note that elougation values between
the clrcumferentlal and axlal directions at the top locations of
Serials 9 and 10 were the reverse of what would he anticipated.
Serial 10 was given the greater amount of upset-forging and should,
therefore, have had higher elongation in the circumferential
direction than Serial 9, However, Serial 10 had f'ive per cent
elongatlion, versus 20 per cent for Serial 9., Serial 10 was upset-
forged in the final pass between flat dies, without the use of
outer-dlameter restraint, Serial 9 was upset-forged in closed
dies, The difference in grainflow at the top corners of the
billets may have had a significant effect upon the ductillity
values at this location,

No significant trend in tenslle elongation results occurred be-
tween the as-forged and the as-thermally-treated conditions for
any of the forged cones,

ARG O AN

The general trends of mechanical property response as a function

of the three baslc forging sequences are shown in the bar charts

in Filgures 57 through 59. Values shown are averages at both test
locations of 1indlvidual coneg from each basic sequence, Serlal 1
was used for the back~extrude/form dequence; Serial 5 was used

: for the upset-forge/hack-extrude/I'orm sequence; and Serial 10 was

: used for the forward-extrude/upset-forge/back-extrude sequence.

The bhalance of properties for the more complex forging seguence

1s very apparent in these charts, Maximum basal plane orlentiation,
described in more detail in the following sectlon, 1s inc¢luded In

.
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. these charts., It 1s interesting to note that both the simplest
and the most complex forging sequences produced the same maximum
basal plane orientation, which was s8ix times the random level of

. . isotropic berylliun.

2. Structural Evaluation

Metallographic analyses were corducted on cone or extrusion forg-
ings representative of the three major categories of forging
sequences: back-extruded and formed only {Serial 1); upsat-forged
and back-extruded only (Serial 5); and forward-extruded, upset-
forged, and back-extruded (Serial lO).' Photomicrographs of the
three structures are shown in Figures 60 through 64, Figures 60
through 62 show the effects of different forging sequences,
Figures 63 and 64 show the effects of thermal treatment upon
Cylinder 10.

] In all instances the structure was finer than that of the starting
i vacuum-hot-pressed block, particularly for those forgings given
the greater amounts of reduction, such as Forgings 5 and 10. The
average graln size of the vacuum-hot-pressed billet was approxi-
mately eight to ten microns; after forging the average grain size
was approximately three to five microns. All structures appeared
E B to be fully recrystallized. The lack of contrast between grains
R S when vlewing the axlal-circumferential plane 1n Forging 5 indicated"
N the presence of a high degree of preferred orientation., Signifi-
: cant directionality was cbserved in the axlal-radial and axial-

: ) circumferential planes of Forging 5. The directionality observed
in Serials 10 and 1 1s less pronocunced.

The thernal treatments of 1500°F for one hour and 1750°F for one
hour coarsened the structure significantly. The 1500°F thermal
treatment had the greatest effect toward increasing the grain
- ‘ size, Beyond 1500°F to 1750°F there was no perceptible change
R in the grain size, The reverse of this occurrence might be expected
S when consldering the accompanylng tensile properties, which show
. : that yiold strength is retained up to 1500°F and decreases signl-
- .. filcantly beyond that temperature. However, yleld strength is not
L e functiocn of grain size alone ~-- 1t 1s also significantly depend-
ent upon the temperature and dirsction of forging.

Pole ftigure analys=g were conducted on rorglngs 1, 3, 5, 6, 9, and
10. Thesc are shown la Flpore: &5 tnrough 70. The highest degrees
of preferred orientation were developed In Forgings 3 and 5 as
antlcipated tfrom the metallcyraphic analysis (upset-forged and
back-extruded). cax Inteacitlien of basal plane orientation orf

ten times ranaom (10R) ldevelopsd 1n both forelncs, although the
total amount of defoHrantisn wus less than that glven Porgings 9
and 10 (forwapl-extruded, wpser-troreed, and back-extruded).

Previous work% showed it Peper -cent-upset-1'orge operation

t
'
L

developed a vicloerred Jrientall o o spproeximately 7.5R, A pre-
ferred ov.entation of appr alaitely LOKE would be expected in a
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500X

Back-Extruded at a
3.411 Ratio &t 1350°F,
Pormed at 1325°P,

POST-PORGING THERMAL
TREATMENT:

One hour at 1325°F,

RADIAL

CIRCUMFERENTIAL

ROOM-TEMPERATURE TENSILE PROPERTIES:

Test Test 0.2% Yield Ultimate Elongation Redustion
Direction Location Strength {Ksi) Strength (Xsi) (%) in Area (%)
' Cire. Top 58.8 90.4 2.2 2.4
Axial Top 3.6 102,0 7.9 9.4
Cire. Bottom 85.6 93.8 2.2 1.7
Axlal Bottom 3g0.1 115.5 11.7 12.5

PASAL PLANE ORIENTATIOMN:

Axlal-Circ. Radial-Circ,
Plane Plane

Axigl-Radial
Plane

2 ~ 2.5R 0.2 - 0.5R 0.5 - 1,0R
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MAONIFICATION: 500X
FORGING HISTORY:

Upset-forged 75 per
cent at 1375-1350°%,
Back-extruded at a
3.4:1 ratio at 1350°F,

POST-FORGING THERMAL
TREATMENT!

One hoor at 1325°F,

axTAL;

RADIAL

CIRCUMFERENTIAL

ROOM-TEMPERATURE TENSILE PROPKEATIES:

Test Test 0.2% Yield Ultimate Elongation Redustion
Direction Iocavion Strength (Ksi) Strength (Ksi) ) in Area (%)
. Cire,  Top 81.4 99, 4 8.2 15.3
: Axial Top 82.4 103.1 11,0 13,1
Cire. Bottoin 86,7 101.6 19.5 27.8
Axial Bottom 79.0 97.0 8.9 9.

BASAL PLANE ORILNTALLUN:

Maximum Orientstion

Axial-Qire, Radial-“ire, Axlal-Radial Times 2
Plane __Plane ___Plane Random <X
§ 3 - 3.5R 0.2  0.5R 0.2 ~ 0.5R 10 18° -24°

HFIGURE €1}

- PR MICROITAUCTURY, TENSILE PROPERTIES, AND PREFERRED
g, URIENTATL N OF CYLINDER NO, §
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MAGNIFICATION: 500X
FORGING HISTORY:

Porward-extruded at

a 311 ratio at i400°F,
Upset-forged 75 per
cent at 1375-1350°F,
Back-extruded at &
3.411 ratio at 1350°P,

POST-FORGING THERMAL
TREATMENT 1

RN e hour at 1325°7,

e e Y R £ AR RCVS At Y SRV e A w5 AP gt

CIRCUMFERENTIAL

ROOM-TEMPERATURE TENSILE PROPERTIES:

Test Test 0.2% Yield Ultimste Elongation Reduction
Direction location Strength (Xsi) Strength (Ksi) (%) in Area (%)

Circ. Top 84,2 101,6 5 11.0
Axial Top 83.3 100.6 16. 18,0
1
8

0
0
Cire. Bottom 89.7 102.3 21.8 23.4
Axial Bottom 88.6 0 18.3 19.4

103.

BASAL PLANE ORIENTATION:

Maximum Orientation
Axial-Circ, dadial-Cire. Axlal-Radial MMnes
Plane Plane Plane Random X /f? _

3.51 0.2 - 0.5R 0.5 - 1.0R 5.5 18° ~-14/-19°

FIQURE &2

MICRCSTRUCTURE, TENSILE PROPERTILS, AND PREFERRED
ORIENTATICON OF CYLINDER NO. 10
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MAGRIPICATION:s 500X
FORGING HYISTORY:
Porvard-egxtruded at

s 35

MICROSTRUCTURE AND TENSILE PROPERTIES OF CYLINDER NO. 10
AFTER ONE-HOUR 1500°F THERMAL TREATMENT

8 311 ratio at 1400°F.
Upset-fo 75 per
sent at 1375-1350°F.
Baok-extruded at &
3.4:1 ratic at 1380°Fp,
- POST-FORGING THERMAL
TREATMENT:
E One hour at 1325°F
, and one hour at
1750°F, ]
CIRCUMFERENTIAL
ROOM~-TEMPERATURE TENSILE PROPERTIES:
Test Test 0.2% Yield Ultimate Elongation Reduction
Direction Location Strength (Ksi) Strength (Ksi) (%) in Area (%)
? Cire. Top 88.1 115,0 -- -
Axisl Top 88.8 101.8 22.4 26.1
Circ. Bottom 91,3 102.3 17.1 16.8
Axial Bottom 88.1 103.7 22,8 23,5
FIGURE 63
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MAGNIFICATION: 500X
FORGING HISTORY:

Forward-extruded at

& 3:1 ratic at 1400°F,
Upnst-forged 75 per
ssnt at 1375-1350°F,
Baock-extruded 2t a
3.411 ratio at 13%0°P.

POST-FORGING MHERMAL
TREATMENT;

One hour at 1325°%
&and one hour at
1500°»,

RADIAL

CIRCUMFERENTIAL

ROOM~TEMPERATURE TENSILE PROPERTIES:

Test Test 0.2% Yield Ultimate Elongation Reduction
Direotion Location Strergth (Ksi) Strength (Ksi) (%) in Area (%)
Cire, To 67.8 87.3 4.0 6.0
Axial Tbg 6%.8 92.0 8.6 8.6
Cire, Bottom 75.2 95.8 22,0 26,
Axial Bottom 6.7 97.8 20,1 27.
PIGURE 64

MICRCHMUCTURE AND TENSILE PROPERTIES OF CYLINDER NO, 10
APTER ONE-EOUR 1750°F THRHMAL TREATHMENT
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75-per-cent-upset-forged billet., It appeured, then, that the
effect of back-extrusion upon a previously—upset-forged billet
tended to reorient the preferred orientation from the radlal-~
circunmferential plane toward the axial-circumferentizl plane
with little, if any, effect upon the magnitude of preferred
orientation,

The resultant preferred orientation of Billet & closely approxi-
mated that_of Billet 1. Both forgings had maximum values of 4R,
Prior work! showed that a combination of forward-extrusion at &
four-to-one ratio followed by a 60-per-cent-upset-forging opers-
tion produced a favorable balance of ductlilivy and decreased the
degree of preferred orientation tc the extent that 1t approached
that of vacuum-hot-pressed block. The two billets, therefore,
had similar orientation prior to back-extrusion, so that similar
orientation after back-extrusion could be expected, The influence
of a decreased amount of initial forward-extrusion is shown in
the pole figure for Forging 9, in which a maximum orientation of
AR was produced. Similarly, a decreased amount of forward-
extrusion and an increased amount of upset-forging increased the
maximum orientation to 5.5R, as shown in the pole figure for
Forging 10, Figure 70,

7 Kosinski and Noel
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V. PHASE IV FULL-~SCALE CONE DEVELOPMENT )

A, Backzround

The model studies previously conducted on two-inch-diameter

‘beryllium specimens and the limited success of the subscale

cone~forming tryouts showed that the .basic operation was tech-
nically feasible. However, the full-scale cone represented a
significant size scale-up. Forming parameters for the subscale
geometry had to be well established before proceeding with the
full-scale cone,

The beryllium cone-forging program was therefore redirected
toward further evaluating the following parameters on a subscale
bagis:

1. Wall thickness/diameter ratio;
2. Hydrostatic restraint;

3. Filler materials;

i, Preform shape.

A geries of cone-forming trials was pianned such that iInformation
received from each tryout could be applled to each successive
tryout. This effort was almed at establishing rellable cone-
forming parameters as opposed to property optimization, With
data on hand regarding the effects of various combinations of
work upon properties, 1t was felt that forgling sequences could be
designed to meet property goals required by specific conz applica-
tions developing in the future,

To accomplish thls work, a 20-inch-diameter by 16-1/4-1inch-high
B~102B vacuum-hot-pressed beryilium cylinder (Heat 3849) and an
8-1/4-inch~diameter by nine-inch-high cylinder (Heat 3770) were
transferred from Contract AF33(615)-2231 to this contract,
AF33(615)-1396. A portion of the 20-inch-diamecter beryllium
billet was reserved for forging the full-scale cone,

Specific geometries within a glven shape clagsification often
require the use of completely different forging methods. Recent
interest had-been directed toward beryllium cones having a length/
diameter ratlio approaching three-to-one. Thils geometry would
suggest the use of a forging technlque and die design which signi-
ficantly differed from those used for a cone having a two-to-one
height/diameter ratio. The height/diameter ratio 1s an important
consideration when selecting a forging technique to produce a
beryllium cone. Ratios of less than one-to-one Have Lzen produced
by direct back-extrusion. This technique becomes impractical for
cones having hilgher ratios due to tooling limitations. Use can
then be made of the increase in helght when a cylinder 1is converted
Into a cone of equal volume, as was decne in the subscale tryouts.
The problem then bhecomes one of producing a cylinder having suffl-
cient length and desirable wall thickness from which a cone can be
formed.




Future cone requirements were reviewed between cognizant Air
Force personnel at Wright-Patterson Alr Force Base and the
Contractor. Based upon the ranges of dimensions described, the
forging shape shown in Pigure Tl was designed for the full-scals
Phase IV part. The height/diameter ratio of approximately 3.4~
to~one was twice that initially planned for the Phsse IV part,
Since back~extrusion 1s impractical for cylindrical beryllium
shapes having height/diameter ratics beyond 1.5-to-one, a proce-
dure for back-extrusion, forward-extrusion, and forming was
selected,

B. Phase IV Material

The chemical compositions of the two lots of beryllium used for
Phagse IV of this program are shown in Table XXVII., The material
was inspected for soundness using ultrasonic, macroetch, and
dye-penetrant inspection techniques and was found to be satis-
factory. Section size precluded radiographic inspection of the
20-inch-diameter billet, The 8-1/4-inch-diameter billet was in-
spected radiographically and was found to be free of significant
indications of defects.

The larger billet was sectioned and machined into four 8-1/2-inch-
diameter by five-inch-high billlets and one 20-inch-diameter by
ten-inch~high billet. The material was reinspected for flaws and
found to be satisfactory.

During discussions of beryliium cone requirements, 1t was indi-
cated that some cone designs are elastic modulus critical; others
are strength critical., In view of these varylng requirements,

it appeared desirable to technically explore the use of cast
beryllium for potential cost reduction for those applications
which are mainly modulus critical. Dow Chemical Company's Rocky
Flats Division shared this 1lnterest, and: supplied several cast
billets to include in the subscale cone-forming tryouts.

The blllets were inspected at Ladish Co. using etching and dye-
penetrant techniques and found to be free of significant defects.
Ultrasonic inspection of cast beryllium for internal defects has
been relatively 1lneffective because of the coarse-grained conditlon,
Serial 10 did show the presence of some light surface tears which
appeared to be asgoclated with grain orientation. These billets
were the higheat-quality cast berylllium evaluated by Ladish Co.

C. Forging Activity on Subscale Cones

1, EBExtrusion Operation

Six vacuum-hot-pressed and three vacuum~cast beryliium billlets
were back-extruded into hollow cylinders 8-1/2 inches in diameter
by 8-3/8 to 10-15/16 inches high. The cast beryilium billets
were jacketed with 1/8-inch-thick mild steel in order to circum-
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vent toxicity hazards durlng heating. The toollng and procedure
for back-extrusion were the game as those descrilbed earlier for
the Phase III subscale cones., A more positive means for maintain-
Iny, alignment between the punch and pot die had been incorporated
into the tooling, in order to prevent abnormal punch shift during
forecing. The extrusion parameters used are shown in Table XXVIII.

A forging temperature of 1350°F was selected for the vacuum-hot-
pressed billlets since good forgeability is more reliably attailned
at thls temperature. A higher forging temperature (1800°F) was
used tor the cast beryllium,in accordance with the recommendation
f'rom Dow Chemlcal Company, in order to minimize the occurrence of
rupturling In the as-cast condition. Lower forging temperatures
for castv beryllium can be employed after the cast structure 1s
adequately refined and converted ingo a wrought structure having
a minlmum of 80 per cent reduction.

All cylindery were successfully extruded with the exception of

one of the cast blllets, which developed several severe, isolated
axlal cracks running the length of the extrusion. Since the cast
beryliium was Jacketed and the jacket remained intact during the
forging, lubrication problems should have been minimal. Also,
slince eight other billets, including two cast blllets, were success-
rully extruded, 1t becomes difficult to trace the source of fallure
to forging effects. It 1s possible, however, that the amount of
compressive support exerted on the cast beryllium during extrusion
" was marginal for this grade of material. On the other hand, 1f

an undetected crack-type defect were present, 1t 1s mest probable
that the crack would have propagated during extrusion,

Pnotographs of the as-forged cylinders are presented in Figures

(2 and T73. Dimensional inspection results are recorded in Table
AXIX. All forgings except Serlal 7 were inspected by ultrasonic
technlques and found to be free of indications of internal defects.
It wust be noted, however, that the two cast cylinders were still
relatively coarse and &id not respond to ultrasonic inspection as
satisfactorily as the vacuum-hot-pressed cylinders, so that the
ievel of rellability of non-destructive testing dava was not as
high as desirable f'or the cast material.

2. Porming Operation

serials 2 and 4 cylinders (vacuum-hot-pressed material) were
machined to 8-1/4-inch-diameter by wall thicknesses of 0,700 and
0.500 inch, respectively. The cast-and~extruded berylllium, Serial
&, was machined and Jacketed as shown in the drawing in Plgure Th.
support discs were also prepared for forming the vacuum-hot-pressed
extrusions. The technlque planned for cone-forming is shown schema-
tically in Figure 7%5. Vhlle the subscale cones are of a 1,5-Co-0one

8 Frankeny, J. L, and Floyd, D, R., "Ingot Sheet Beryllium
Fabrication," Dow Chemical Company Report on Contract AT{29-1)-
110€&, February 9, 1968
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Leight/dlametsr ratio, the data developed can be used for manu-
facturing cc::3 having higher height/dlameter ratios. The finish-
forged wall tliciness for the full-scale cone was proportioned
from the wall ‘hickness determined from the suk:cale tryouts to

be a minimum, vut safe, value. The method and degree of restraint -
utilized was bised upon the abillity to provide adequate support
with minimal ii:terference with dimensional control. Filler mater-
ial and tempera-ure selection were based upon the ability to opti-
mize dimension:.l control without adversely affecting formability.

The first tryout was aimed at establishing a workable range for
wall thickness/diameter ratio. The three cone blanks were formed |
using graphite filler and the 1/2-inch-thick (center) contoured |
restraining discs. A forming temperature of 1350°F was used for
extrusions made from vacuum-hot.-pressed beryllium while a tempera-
ture of 1800°F was used for the cast beryllium blanks. The two
cones produced from vacuum-hot-pressed beryllium (Serials 2 and

4) were completed succesgsfully except that Serial 2 had a minor
burst at the forward end. A photograph of the two cones appears

in Figure 76. The cast beryllium %Serial 8) shattered during
forming despite the use of a Jacket., Difficulty was experilenced |
in removing this part from the die after forming. It was not

known whether fragments jammed the knockout or sticking occurred
from other sources, rezulting in the knockout causing the failure.

Since forming of the thinner-walled cone actually gave better
results, the second tryout included two cylinders machined to
wall thicknesses of 0.500 and 0.625 inch, respectively, to verify
results. Restraint at the forward end was reduced from 1/2 to
1/b~1inch thick. Graphite fiilers and a forming temparature of
1350°F were again employed.

Cone Serial 2 formed in the first tryout was re-formed in the
second tryout to increase height without usling flller materilal.

The second cast-and-extruded cylinder was formed in the second
tryout using the same parameters as those used in the first tryout,
except that both ends of the cylinder were open. The machined and
etchad blank 1is shown in Figure 77.

In this second tryout, all the cones produced from vacuum-hot-
pressed material formed successfully except for minor tears and
irregular shapes at the forward ends of Serials 1 and 5. These
two cones are shown in Figure 78. The re-formed cone, Serial 2,
which attained a height of 12 inches, is shown in Flgure 79,
where 1t 1s compared to the starting blank shape. The second
vacuum-cast beryllium cylinder also shattered durlng forming.
While it 1is believed that the blank formed satisfactorily, the
Jacket vents apparently sealed durlng “orming or were inadequate
for relieving internal pressure, so that catastrophic failure
occurred during extraction from the dle. The fallure, therefore,
was due to processing problems rather than material.
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Although the original plan for the subscale tryouts was to form
¢ylinders having integral bottom siugs, which i1s the more severe
of forming, the program redirection toward a cone having a

higher height/diameter ratlo with both ends open made it desir-
able to include the forming of subscale cylinders (made from
vacuum-hot~-pressed beryllium) having both ends open. The last
two subscale cylinders were, therefore, machinedto wall thick-
nesses of 5/8 inch and were open on both ends. One blank used a
graphite filler held in place by two steel plates and a center

, bolt, The other blank used a brass flller with brass plates
welded to either end, Both blanks formed successfully and are
shown. in the photograph in Figure 80. The brass filler material

. produced a very smooth inner diameter surface.

Serial 1 was successfully re-formed without using filler material.
This cone is shown in the photograph in Figure 81. Dimensional
inspection results for all cones formed from the vacuum-hot-
pressed material are shown in Table XXX,

The subscale tryouts were successful in establlishing that wall
thickness/diameter ratios in the range of .06 to .09 were adequate
for cone-forming. PFurther, a negliglible degree of restraint was
required for the open-ended cylinders and both graphite and brass
fillers effectively minimized wall thickening.

* D. Model Studies oi Cone-forming Techniques

_ The shift in interest from cones having a height/diameter ratio
3 of 1.7-to-one to cones having ratios exceeding three-toc-one
] altered the planned forging sequence since 1t became impractical
5 » to back~extrude cylinders having height/diameter ratios greater
‘ than 1.5-to-one. Development of a forging method to arrive at
the longer shape could be approached either through significantly
2K changing the forging technlique or through. including an additional
| step(s) in the original forging sequence. The former alternative
would concelvably rely upon broader use of newer concepts or
upscaled techniques and could introduce problems not readily
predictable, However, it may have had desirable advantages, such
as fewer steps, greater efficlency, and less tooling. The latter
i alternative had the distinct advantage of making more use of per-
: tinent technical manufacturling data developed to date, In order
to aid 1In the evaluation of a practical dile design and forging
i sequence, a series of model studles was conducted using beryllium
’ and other materials,

i+ The specific obJective of the model cone investigation, then, was
' to develop a practical technique for manufacturing a thin-walled
beryllium cone having a height/diameter ratio of three-{or more)-
to-one., Success at thig level, comblned with information from
the subscale cone program, would provide data required for design-
ing tooling for the full-scale Air Force cone (48 inches high by
14-inch major dlameter by four-inch minor dlameter by one-~-inch-
thick wall;
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In order to achieve this goal, it was necessary to provide a tech-
nique whereln the solid cylindrical blank 1s converted into a

long, hollow, thin-walled configuration suitable for forming into
the above cone geometry, Wall reduction to the required thinness
wag the key problem., Attempts at produrinx a thin wall and con-
currently forming into a conlcal shape were among the first methods
tried in the model studies described. This concept entalled essen-
tially the continuous forming of a cylinder and immediate conversion
into a conlcal shape,

This first tryout incorporated forward-extruding beryllium cups
directly into a cone die using a graphite block as a plastic

mandrel for extrusion and flller for forming. A sketch of the
tooling and operation is shown in Figure 82, Results of early
trials showed that graphite was not sultable as a plastic mandrel,
since wall thinning did not occur. In order to increase compressive
forces against the inner dlameter of the beryllium blank, a brass
filler was used for the next trlals. While some degree of thinning
occurred toward the small end of the blank, the wall thickness

was not uniform.

The beryllium cup shape was then Jjacketed, since this 1s the
practice normally employed for forward-extrusion of berylliium,

A back-up slug was also used to provide a means of pushing the
beryllium ccmpletely through the dile orifice. The blank assembly

. and results (sectioned) are shown in Figure 83. The height/dlameter

ratio of the cone produced was improved, but the walls were severely
cracked, Confining the brass exerted a high pressure on the slug

of the berylllium cup, which effectively malntalined wall thickness
after extrusion and during forming. However, thls pressure, com-
bined with a possible local shearing effect of the bottom corner

of the cup against the Jacket, may have caused the cracking.

The next trial took advantage of a cone geometry having both ends
open, In this case, a hollow cylinder was Jacketed and brass was
used as the mandrel-filler, The blllet and resultant cone are
shown in Figure 84, It is apparent that the brass pushed ahead of
the beryllium during extrusion and the cone produced was relatively
thick-walled., A stiffer flller materlal of stalnless steel was
used as the manarel-flller for the next trial. The pusher plate
was integral with the mandrel. Whlle a slightly greater degree

of thinning occurred, it was 1nsufficlent to produce the desired
reduction and the extrusion stalled before completion.

The filler approach and results did not appear to be positive
enough to warrant additional effort for deveicnment into a tech-
nique for production of the 48-inch-high cone. The required com-
pressive forces on the wall were nol realized and the walls never
thinned enough to produce a good height/diameter ratio., The filler
method for forward-extrusion was replaced with a conventional
forward-extruslion approach using an inner-diameter mandrel. A
pusher ring was used to press the extiuded cylinder into the cone-
forming dle stage by extruding behind the berylllum as shown in
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Pigure 85, Carbon steel billets wers used for the first tryouts.
Lower temperatures (1400°F) completely stalled the extrusion.
Partisl extrusions were made at a temperature of 1800°F. Die
¢hilling was rapid due to the thin billet ac_emblies., A beryllium
billet was then extruded using the assembly shown in Figure 86.
Agaln the forming was incomplete because of high restrictive back
pressure and rapld die chilling, but a uniform, sound beryllium
#3ll was obtained. An aluminum tryout was then extruded using

die and material temperatures of 800°F and was formed to only 75
per cent of com,.‘etion,

In view ¢f the inabllity to extrude and form in one cperation when
using a material as soft as aluminum (and which is not subject to
die chilling), it was decided the most practical approach for man-
ufacturing the full-scale cone would include forward-extrusion as
a separate operation,

E., PFull-Scale Cone Trial

A processing sequence of back-extrusion, forward-extrusion, and
forming wae selected for forging the 20-inch-diameter by 10-1/U-
inch-high billet into the 48-inch-long conical shape. The decision
to forward-extrude as a separate operation resulted from the model
studies which showed that considerable developmental work would

be required before the feaslbility of a combined forward-extrude-

"and-form approach was established. Thus, the selected forging

sequence involved back-extruding the billet into a 19-1/2-1inch-

_ diameter by 11-3/4-inch inner diameter by 15-inch-high cylinder
" using compressive restraint; forward-extruding into a 1ll4-inch

outer dlameter by 12-inch inner diameter by 44-inch-long tube;

. then.forming tc the required conical shape. The sequence 1s

shown schematically in Figure 87.

The back-extrusion operation was based upon previously established
procedures, The specific tooling used 1s shown in Figure 88, The
tooling, compression ring, and berylllum were heated to temperatures
of 800, 1750, and 1350°F, respectively, No difficulties occurred
during the actual operation. However, a severe cuter dlameter tear
was evident after extraction from the dies. The rupture extended
from the outer diameter to within 1/2 inch of the imner diameter,
The defect is shown in Figure 89, Since there was no evide.ice of
lubrication breakdown and the tooling responded well, the adequacy
of the degree of restraint used has been questioned., It i1s believed
that, at some point during back extrusion the suppcrt imparted to
the beryllium was critically reduced due to the mode of collapse

of the hot steel ring, thus permitting rupturing to occur. Because
only one blllet was Involved, there was no opportunity to modify

the restraint ring and further evaluate the cause,

The defect was removed by parting off the top four inches of the
cylinder, Inspectlion of the bllilet after machining the inner and

. outer diameters showed that extensive tight cracke were also
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FIGURE 89

C¥.-EXTRUDED BERYLLIUM CYLINDER SHOWING
THE OUTER-DIAMETER TEAR
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present throughout both sections. These cracks traveled in an
axial direction and extended to half the height of the larger
section of the cylinder. The two machined sections are shown in
Figure 90. Since the beryllium structure was only moderately
altered from that of the vacuum-hot-pressed condition at this
stage, and since the next operation entalled complete jacketing
of the berylliium, it was decided to attempt repair by diffusion
bonding during the forward-extrusion operation., The two sections
were assembled into a jacket consisting of mild steel on the outer
diameter and stalnless steel on the inner dlameter., The assembly
wag then evacuated, heated to 1200°F for 72 hours, and sealed.

The forward-extrusion operation and tooling . were patterned after
the design developed during prior programs,9 but they reprecented
a significant scale-up in size. The toolling assembly is shown

in Pigure 91, The Jacketed and evacuated blllet assembly was
forward-extruled at 1350°F to the 1l4-1/2-inch~dlameter by 40-inch-
long berylliwn cylinder shown in Figure 92. While the two beryl-
lium sections encased in the evacuated assembly were successfully
bonded, new defects developed during the extrusion., Circumferen-
tial hot tears occurred on the inner diameter and tight, deep,
axial cracks occurred along the length. The primary faillure
started with tearing of the inner diameter stalnless steel jacket
adjacent to the forward section of the beryllium. Beryllium fail-
ure began behind this point in a circumferential direction. The
inltial Jacket rupture thereby caused interference in the flow of
the beryllium as evidenced by the development of a wavy surface

on the inner diameter of beryllium. The inner dlameter jacket
extruded and ruptured circumferentially at intervals of approxi-
mately six inches. This caused the beryllium to extrude inter-
mittently over or with the stainless steel jacket, resulting in
the circumferential hot tears,

The axial cruck apparently occurred after the extrusion passed
through the dis orifice, at which point the extrusion outer
diameter was no longer supported. Whether fallure occurred as
extruslon progressed or during extraction of the punch from

the assembly 1s not known. The ruptured sections of the inner
diameter jacket which had to be extracted from the punch did so
by beling pushed against the wavy surfaces of the beryllium.

This wedge action developed circumferential tensile stresses in
the beryliium cylinder, which could account for the axial cracks.
Baged upon past expecience in forging beryllium and examination
of thils extruded cylinder, it appears that the initizl jacket
failure led to the eventual occurrence of both types of defects.

The axial defects extended through the wall and, therefore, pre-
cluded completion of the forming operation., However, the forming
concept was proved practical during the subscale trizlis, thereby
enabling production of forged beryllium cones by using the basic
techniques developed in this program.

9 Hayes, A. F., "Beryllium Forgings for Turbine Engine Components,'
Technical Report AFML-TR-67-334, Ladish Co. under Contract
4#33(615)-2231, October 1777
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FIGURE 91
THE FULL~SCALE CONE FORWA
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F1GURE 92
FORWARD-EXTRUDED BERYLLIUM FOR THE
. FULL-SCALE CONE




AT VBRBITERY

© AN AT B~ e U L o puny CURU - R

Tensile properties were determined at the forward and aft ends

of the cylinder in both axlal and circumferentlial directions.
Tensile specimens were also removed from the bond interface
section and tested, The results of the tests are shown in Table
XXXI, VYield strength exceeded 75 Ksil under all conditions tested
and the target goal of 80 Ksi was almost attained except i'or two
test. with values of 79 Ksi, Elongation varled considerably,
again demonstrating the marked effects of test directlon and the
relative degree of deformation. Since the cone-forming operation
entalls a milder degree of deformation, the propertfies developed
in a complete cone would not be expected to vary drastically from
those attained in the cylinder tested.
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VI. SUMMARY AND CONCLUSIONS

A. Summary
1. Turbine Engine Component Development

The development and evaluation of an improved grade of beryllium
was the most significant achlevement of this portion of the program.
The initial selection of material grades to be evaluated was based
upon accumulated experlence in attempting to adapt commercial

grades of vacuum-hot-pressed berylliimm to high-strength forging
applications. Commerclal grades had been designed for specific
uses, compatible with the vacuum-hot-pressing process and product.
They were not designed as forging grades, Forgling response was
generally unsatisfactory and reproducibility was poor.

Evaluation of the materlals in this program was almed at improving
cleanliness, reproduclbllity, and hence, forgeabllity, as well as
strength. The material selected at the conclusion of Phase I
demonstrated improved response to all these criteria. Forgeabllity
was generally higher and the range of forgeabllity response was
narrowed considerably. A capablllity was shown for reprcducibly
exceedling the 70 Ksi yleld strength level without a high degree of
wor¥., Through proper selection of the forglng parameters and a
moderate degree of deformatlion, a yleld strength level exceeding

80 Ksi was demonstrated,

Upscaling material production from laboratory sizes to production
blocks was successfully accomplished and provided material for
other major development programg, as well as the later phases of
this program. The forgeabllity, as such, was not a major precblem,
consldering the fact that speclalized tooling and procedures for
forging are required for any grade of beryllium.

Procedures for multldirectionally working beryllium were developed.
Although the tooling designed and bullt under this program was
evaluated under a separate program, it performed successfully.

This tooiing allowed the upset-forging of a four-inch-dlameter by
20-inch-long billet, and complemented exlsting technology on
forward-extrusion procedures. Therefore, this portion of the
program not cnly provided material, but tooling and procedures from
which the more comprehensive engine component program could proceed,

2. Cone Development

The results of this portion of the program followed a typical
pattern for the forging development of a new beryllium geometry,.
Procedures and tooling must be tried, corrected, and proven before
success can be attained, since beryllium's "forgiveness factor" is
low, Once op:rative, however, the forging procedure can be used

-~ W«MW@W
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with good reproducibllity as demonstrated during the last series
of subscale cone tryouts.

The cone-forming operation itself could be modified for greater
economy, but evidence indicates it 1s the least troublesome of

the individual operations performed. Manufacturing the ecylinder
from which the cone is formed has caused the greatest difficultiles.
Minor tooling problems caused failure of the first series of back-
extrusion operation subscale blanks. Back-extrusion and forward-
extrusion operations were both unsuccessful for the full-scale
blank. Inadequate restraint is suspected in the case of the back-
extrusion, but this condition can be readily modified. TForward-
extrusion of a large bery'lium cylinder, however, may require a
more extensive development effort.

The jacket design was based upon past experience, but the hollow
cylindrical extrusion attempted represented a significant size
scale-up, Also, the inner diameter of a hollow forward-extrusion
is vulnerable to tearing, Just as the outer diameter of a back-
extrusion 1s most susceptible to rupturing. Many possibilities
exist for correcting Jacket fallure, among which are material and
deslgn changes, as well as forging parameter modifications. The
technical difficulties associated with attempts to upscale cone
size can be favorably overcome once requirements for conical
forgings materialize,

B. Conclusions

The following specific concluslons have been derived from the
investigative work conducted during this program,

1. Type 4 beryllium made from minus 20 micron virgin powder
demonsatrated superilor response to forging and improved
mechanlcal propertles when compared to the other grades
>f beryllium investigated.

2. The forgeability of all four grades of beryllium decreased
with Increaslng temperature in ithe range from 1350 to 1450°F,

3. Forgeablllity was not significantly affected bg increasing the
holding time at a forging temperature of 1400°F from one-half
to 2-1/2 hours.

4. The forgeabllity of the five-inch-diameter by five-inch-high
blllets compared favorably wlth the two-inch-diameter by
two-inch-high billects for Types 2 and 3 beryllium, and was
higher for Types 1 and 4.

£. Forged beryllium cones having helght/diameter ratios greater
than one can be precduced from holliow cylinders by using form-
ing technlques.

. ama e e
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10.

i1,

12,

13.

The use of solid, deformables filler material insicde & hollow
cylinder improved material utiiizatlion during cone-forming
by controlliing the wall thickness., Both graphite and brass
were effective filler materials.

A wall thickness of one-half inch 18 adequate for forming an
eight-inch-diameter cone,

Open-ended cones can be succesafully formed without using
forward restraint,

Yield strength in excess of 80 Ksi was achieved in two direc-
tions for all the cone-forging seguences employed and tested.

Room-temperature yield strength was malintalined after thermal
treatments at temperatures as high as 1500°F,

Elongation values depended upon the te2st direction, the
forglng sequence, and the test locetion. Elongation in excess
of ten per cent was attained in preferred direccions,

Cast beryllium was successfully back-extrude at 1800°F using
compreggive restraint.

A three-step (back-extrude, forward-extrude, and form} proce-
dure appears to be a practical method for the manufacture of
a thin-walled beryllium cone forging having a height/dlameter
ratio exceeding three-to-one.

[P
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VII. RECOMMENDATIONS

It is recommended that forging be employed for manufacturing
beryllium cones for strength-critica’ applications and that
additioral time and funds be &llocated for final development of
the process for speclfic geometries when they are defined.

Use ¢of this forging process or other processe’ which require
multiple operations involving costly preparations such as Jjacket-
ing or in-process machining is not recommended for purposes of
cost reduction, since 1t would not be readlly attained regardless
of the degree of material utilization anticipated.

It is further recommended that & procedure of back-extrusion,
forward-extrusion, and forming be used for manufacturing those
cones having a height/diameter ratic greater ‘than three-to-one,
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AFPPENDIX

A, MATERIAL SPECIFICATION
The beryllium used for Phases II, III, and IV of this program

conformed to Ladish Co. Specification B-102B. The requirements
of this specification are listed below.

1. Chemical Composition

Billets to be used for forging shall be made from virgin powder
produced from vacuum-melted and cast ingots, and shall meet the
following chemical composition limits {(chemical analysis to be
performed on solid billet samples):

Beryllium Oxide . . . . . . . . . . 2.074.25 per cent
Carbon . . . . . e e e e e e s e 1500 parts per million
{(ppm) maximum

Manganese . . . . . . . . .« « o .+ 350 ppm maxirmum
Aluminum . . . . . . . . . . . . 850 ppm maximum
Titenjum ., . . ., . . . . . . . . . 400 ppm maximum
Silleon . . . . ¢ v v ¢ 0 40 o e . 500 ppm maximum
Chromium . . . . . ., . . . . .. 200 ppm maximum

IrON 4 v ¢ 6 v v e e e e e e e e 2000 ppm maximum
Nickel . . . . . . . o« ¢ v . .. 300 ppm maximum

Magnesfum . . . . . . . . . . . .. 500 ppm maximum
Caleium . . . . ., « .« v « + . . 100 ppm maximum
Copper . . . ¢ ¢ v v v e e e e . . 150 ppm maximum
Zinc . . . .. 00000 0. 100 ppm maximum
Molybdenum . . . . . . . . . . . . 10D ppm maximum
Lead . . . . . . . . 0. .. 10 ppm maximuam

2. @Graln Size

The particle size of the powder used to vacuum hot press the
billet shall be 98 per cent less than 20 microns.

3. Denalty

Water displacement density shall exceed 9G per cent of theore-

tecal, with appropriate correcticn for the beryllium oxlde
conteny,

4, Inclusicn Size

Maximuwn allowable inciusions shall have an average s
inch maximum. The combined volume of Incluzliorni shal

£

the volume oif a L. 030~inch sphere ver cuble inch of
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5. Soundness

Vacuum hot pressed block used for forging will be ultrasonically
inspected according to Specification AM3-2630., Indications of
over approximately 0.035 inch wlll be repo“ted a8 to number and
locatlion,

5. ¥ecrhanical Properties

™he minimum agceptable room~tepperature mechanlcal propertles of
the vacouwwn hot prosaed dlock ah&l, ey

1 Ultimate Tensils Strength , . . . . . . , . 55 Ksi
o Yield Strength {3.2 per ceny offsedd . . . 45 Ksi
. BElongablon . ¢ ¢ ¢ + « s 4 2 + » + w & « « 1 per cent

N
b R B A R R R R A S A A N AR

B. MATERIAL ACCEPYANCE PRCCEDURES ARD RESULTS

Prior to accepting material purchased for forging use, beryllium

;3 13 subjected to the following non-destructive inspections to

»3 ensure aircraft-quality materisal free from detectable flaws and

e defects which might have a detrimental elfeect upon the processing
or performance of the completed part. Surface discontinultles
and porosity are readily revealed using dye-penetrant and macro-

> eteh inspection techniques. Ultrasonic inspection methods allew
detectlon of internal cracks, volds, and discontinuities with a
high degree of confldence. FRadlographic tests are most useful
in detecting high-density particles wlthin the billet, The
abllity to resolve inclusions of small size diminishes with in-
creasing blllef size, buf thls technlque, when used in conjunction
with the foregolng tests, aliows confidence in the material integrity.

1., Ultrasonle Inspection

Equipment , . . . ., Curtiss-Wright Immerscope, Model Nec, 424D

Crystal . . . . . . Lithium sulfate, 0.375-inch diameter

Frequeney . . . . . 15 megacycles

Couplant ., . . . . Water, two-inch path distance

Procedurs ., , . . . Sensitivity 1s calibrated for an oscillo-
scope peak helght of 75 per cent of the
surface wave using a two-inch dlameter
by 1-1/2-inch high beryllium standard,
This standard has & flat-bottomed 0,047-
inch diameter hole 0.75 inc (con—
forms to ASTM E127-G1T, Ser“es Ag Longi-
tudinal and shear-wave forms are usged to
inspect the material.
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Radlographic Inspection :

Equipment . ., . . . Phllips-Norelco, Model No. MG100,
Constant Potentlal X-Ray Tube wifth a
one-inillimeter beryllium window and
1.5-millimeter focal spot
Film ., . . . . . . Kodak Type M Ready-Pack, processed
automatically
Penetrameters . . . Beryllium in 0.125-inch increments to
one inch, 0.25-inch increments from one
tc 2-1/2 inches, plus four, six, and
eight-inch sizes %conform to MIL-STD-271D)
Procedure . . . . . Billets are exposed using a constant
milllampers-second line callbration curve
as a gulde. A focal distance of 60 inches
4 1s used. Due to the transparency of beryl-
; 1ium, sensitivities of one per cent or
better are possible to six-inch-thick
sections (0,060-1nch diameter inclusions
are detectable in six-inch-thick sections).
Sections from six to 8-1/4 inches thick
have been radliographed to bhetween one and
two per cent sensitivity level reprodu-
cibly.

3. Dye-Penetrant Inspection <

Procedure . . . . . Inspect in accordance with Specification
MIL-STD-27iD,

4, Macroetch Inspection

Procedure . . . . . The billet 1is submerged in a five-per-
cent-by-volume sulfuric acid in water
soclution for 20 to 30 minutes, The billlet
is then rinsed in water and air-blast dried.
This technique reveals striations and hetero-
genelties resuliting from chemlcal segrega-
tion or density variations. In addition,
machining marks and possible surface
damage are removed during this treatment,

5. Porgeabillty Testing

P

The forgeabllity test conslsts essentlally of ipset-forging a
representative sample of beryllium and determining the percentage
of material yleld after removal of defects. The standard specimen
is a two-inch dlameter by two-inch high cylinder having a 3/16-
inch radius on the top and bottom edges. Th: specimens sihiould
have a machined surface of 64 RMS or better, and be etched in a
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six per cent sulfuric acid solution to remove approximately

0.003 inch from sll surfaces. The forgeabllity billet is heated
to 1400°F and held at this temperature for one-half hour prior

to forging. The billet is then forged to a height reduction of
60 per cent (0.8 inch) between flat dies which are preheated to
800°P£50°., A graphite-in-oil type dle lubricant 1s used. After
cleaning and weighing, all forging defects are removed by machin-
ing in such a manner so as to provide the largest sound cylindri-
cal disc from which a percentage of yleld by weight can be calcu-~
lated, The macnined discs are inspected using acid etch and dye-
penetrant techniques, and are remachined if necessary to insure
removal of defects., The ratio of the weight of the rupture-free
disc to the weight of the original billet is the forgeability
index.

C. PRODUCT TEST EQUIPMENT AND PROCEDURES

1. Room-Temperature Tensile Tests

a. Equipment:
Baldwin-Lima-Hamilton BTE Hydraulic Universal Testing
Machine
b. Extensometers:
BLH Microformer
¢. Strain Rate:
9,005 inch/irch/minute to fracture
d. Test Specimen Configuration:
Modified AST™M EY, sbown in Figure 935
e, Test Specimen Preparation Tools:

1) Cutting Tools - Roughing: Carboloy 883BR12; Side Angle:
£3°; Front Angle: 45°; Back Rake: 4° positive; Shank
Clearance Angle: 20°; BRough Carbide Clearance Angle: 15°;
Finish grind to 10° orn diamond wheel with 0.005-0.010 inch
radius.

2) Threading Tools - Single-point 60° included angle, clear-
ance and material as above. Hand hone to 0.005-inch
radius for 0.125-inch diameter specimens; 0,005-0.007~
inch diameter specimens.

3) Cut-in and Semi-cut Tools ~ 883 carbide tip, clearance as
above. Round-nosed tcol offset 30°; tip offset 30° to
centerline of shank.

f. Tesat Specimen Preparation:

1 Saw-cut blanks.

2 Center driil, using C-2 for 0,.125-1inch dilameter speclmens,
E-2 for 9.250-inch diameter specimens.

3) Rough machine using live center, Speed 350-400 rpm, feed
0.001-0.003, Depth of cut not to exceed 0.100. Turn to
5/16-inch diameter for 0.125-inch diameter specimens,

4) race to length and re-center.
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o,

5)

6)

7)
8)

9)

10}
11

12)
13)

14)

Pinish machine to thread size using dead center. Feed

0.001-0.003, speed 400 rpm. Two passes, secord pass

not to exceed 0.005 depth of cut.

Cut to size in shoulder section using dead center. Feed

0.001-0,003, speed 400 rpm. Two passes at 0.030 depth

of cut and one clean-up ps&ss.

Chamfer ends approximetely 1/64 inch mechanically on

belt grinder, *

Thread 1/4 20-¥WC for 0.125-inch specimens; 1/2 13-WC for

0.250-inch specimens. Use dead center, 100-150 rpm speed.

Depth of cut for two passes 0.010, then 0.005 depth of

cut per pass until within 0.008 of size; two passes 0,003,

one 0.002 pass, and one c¢lean-up pass.

Rough cut in reduced section to 0.020 oversize using

live center. One 0.015 pass, one 0,010 pass (on 0.125-

inch specimens). Feed 0,001-C.002 and 400 rpm speed.

Clean center Loles mechanically with center drill.

Machine reduced section to 0.005 oversize using live

center. One pass {on 0.125-inch specimens) at 0.002-0.003

feed and 400 rpm speed., Change to dead center for one

0.005 pass, one free pass at 0.001 feed and 400 rpm speed.

Polish circumferentially between live centers mechanically

at 3000 rpm speed using No. 320 grit emery cloth.

Polish longitudinally between live centers mechanically

at five tc seven rpm speed using Nos. 320, 400, and 600

grit emery cloths.

Finish per Ladish Co. procedure for electro-polishing

beryllium test specimens as follows:

a) Bath Composition - 82 volume per cent concentrated
phosphoric acid; 18 volume per cent distilled water;
218 grams chromium trioxide per liter of liquid.

b) Procedure - Specimens are polished mechanically in
both longltudinal and transverse directions using
Nos. 320, 400, and 600 grit emery cloths., Specilmen:
are then placed as the anode in a 120°F bath. Current
density of approximately 20 amperes per square lnch
18 maintained for 1-1/2 to two minutes. The speclmens
are then clamped from the opposite ends to obtain
uniform action, and the process 1s repeated. The
bath temperature, time, and current density are vari-
able over a wide range and some experimentation may
be necessary to achieve the desired finish for each
type of beryllium. Approximately 0.001 inch per
minute 1s removed, resulting in a smooth, bripght,
finish free of pits and mechanical polishing marke,
A" satin finish 18 often obtained 1in lots of berylllum
which have a high oxlde content. This can be overcomc
by increasing the current density and shortening the
immersion time. If severe pitting Is encountered,
lowering the bath temperature 1s in order.

e




2. Basal Plane Orientation Determinations

8, ZEquipment:

™he equipment consists of a General Electric XRD-3
Diffraction Unit, and S.P.3. Single Crystal Orientor,

ard & Leeds & Northrup Model "S" Speedomax Indicating
Recorder, Pigure 94 illustrates the general arrangement
of the equipment.

b. Equipment Setup:

An unfiltered CuK adiation is produced by a CA-7 Coolidge
X-ray Diffraction Tube with 50 KVP-and 16 milliamperes
direct current applied. A No. 2 (cne-millimeter diameter)
beam collimator and ~pen detector beam tunnel (shutters
removed), a 0,3-degi. 2 detector slit, and a nickel filter
are used in conjunction with the Single Crystal Orientor.
{A 0.3~degree detector slit 1s used in place of the
shutters on the beam tunnel. The shutters were removed
because vibrations caused variations of the aperture.)
The diffracted X-rays are detected by a Qelger-Mueller
Counting Tube, Victoreer. Thyrode Type 1389, The No. 1
Tube has an argon atmosphere and a 0.03C-inch thick
berylliwn window., The tube 1is cperated as a proportional
counter,

¢. Procedure: 10

A modified Jetter and Borle® technique was used to develop
the pole figures., The spherical specimen (shown in Figure
95):1§ rotated about the pedestal axis at 1/18 rpm by a
direct-drive, synchronous motor. The angle of inclination
is manually adjusted in 18-degree increments for each

360 degrees of rotation., The two-theta angle was adjusted
for maximum intensity in the vicinity of 50.9 degrees for
the basal (0001) plane. The intensity variations were
recorded on a chart moving at one inch per minute,

d. Determination of Random Orlentation:

The initial random orientation specimen was sectioned

from a ‘vacuum hot pressed billet of Type 2 beryllium,

Heat No, 3481. The random level was determined by the
average intensity of the plane normal to the pressing
direction. This permitted comparison of the random ori-

entation level to all previous random levels used at
Iadish Co.

The random orientation level for B-102B, minus .20 micron

beryllium, .was determined by averaging the intensity o
levels at each ten degrees of rotation at each tem degrees

of inclination. Out of three heats checked, the most '
random was Heat No, 3846, Random intensity of 410 cycles !
per second was used on thils program.

10 "Effects of Thermo-Mechanical Variables on the Texture and
; Bend Ductility of High-Purity Beryllium Sheet;" The Franklin
Institute; May 15, 1964; Contract AF33(657)-11234, pp. 19-35
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b.

Ce.

Metallograpnic Analyses

Equipment:
Cari Zeiss Ulitraphot II Hesearch Microscope (shown in
Figure 96) using 40X oil-immarsion AUFL polarizing object-
ive and mercury iight source
Test Specimen Preparation:
1) Mount in "Koldmount" epoxy resin.
2} Place in "Automet” holder; grind flat on No, 80 grit belt,
3} Polish through Noa. 120, 240, 400, and 600 papers wet
using heavy pressure and "fast" speed on ths Automet,
Rinse between each paper, using ultrasonic cleansr,
4) Finely polish as follows -
a) No, 9 diamond on canvas cloth (five minutes).
b} No. 6 diamond on nylon cloth {five minutes).
¢ No, 3 diamond on nylen cloth (five minutes).
d) Ho. 1 diamond on Duracloth (five minutes),
e} Linde "B" and water on microcioth (twenty minutes).
Etching Procedure: This procedure is used for electron micro-
scopy replication,

1) Electrolyte - 450 cc. absolute methanol icrgon;
150 cc. copper nitrate {Cu N’03)2
250 cc, glycerine
5 e¢c, hydrochloric acid (HC1)
2) Electrolytically etch as follows:
a Use Disa Electropol Mark 5
b} Setting "polish”
c Flve seconds time
d) Flow rate "6"
e) Adjust the curreng to 1.5 amperes on 100-mm.2 sample
(0.015 ampere/mm.<),
Note: The etching time can be varied to compensate for
materlals of different compositions.

FIGURE 96

ZEISS ULTRAPHOT II
RESEARCH METALLOCGRAPH
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